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The Sundaland plate (hereinafter, Sunda plate) is located in a tectonically active region where 
the Eurasia, India-Australia, Yangtze, Burma, Molucca Sea, Banda Sea, and Timor plates converge and 
share common boundaries. It is known that great earthquakes typically rupture along subduction 
plate boundaries, and this is the case for the Sunda megathrust. On 26th December 2004, a thrust 
earthquake of Mw 9.0 that ruptured a ~1,300 km long segment, initiated from off the coast of northern 
Sumatra (Aceh) to the south of Andaman Island, and marked the beginning of an active seismological 
period. Three months later, another thrust earthquake of Mw 8.6 ruptured to the south of the 2004 
event. Further south, the 2007 Mw 8.5 Bengkulu thrust earthquake ruptured off the shore of Bengkulu 
and had two massive aftershocks of Mw 7.9 and Mw 7.0 in less than 24 hours’ following the event. 
Most recently, the 2012 Mw 8.6 and Mw 8.2 Wharton Basin (WB) strike-slip earthquakes ruptured a 
diffuse boundary of the Indian and Australian plate that accommodates the present-day plate motion 
of the Sunda plate. This dissertation presents the geodetic analysis of 143 continuous GPS (cGPS) 
measurements that span a large region of the Sunda plate, including Indonesia (Sumatra), Malaysia 
(Peninsular Malaysia, Sabah and Sarawak), India (Nicobar–Andaman Islands), Thailand, the 
Philippines and Singapore, between 1999.0 and 2015.9.  
 
 
During the 2004 and 2005 earthquakes, the cGPS measurements recorded significant 
coseismic displacements and postseismic deformation in the western margin of the Sunda plate. 
Subsequently, the regional velocity field for distances of up to 1,400 km from the epicentre shows a 
clear deviation from the course of motion of prior to the 2004 and 2005 earthquake events, implying 
that a significant postseismic relaxation process is undergoing in the elastic crust and the underlying 
mantle. The velocity field deviation has decreased significantly following the 2012 Wharton Basin 






The geodetic-based strain rate field indicates a high shear strain rate following the 2004 and 
2005 megathrust earthquakes, mainly concentrated on the Sunda forearc at the segment north of the 
equator. It is likely to be caused by postseismic relaxation from both ruptures, which produces a 
complex deformation pattern on the overriding plate surface. The dilatation strain rate analysis 
reveals localised subsidence in northern Kelantan, a northeast coast state in the Peninsular Malaysia, 
which is likely induced by groundwater extraction. The region shows higher ground deformation 
rates (0.22 ppm/yr) than the other parts of Peninsular Malaysia. The observed vertical 
measurements indicated a maximum subsidence rate of 4.22 ± 0.17 mm/yr (1𝜎 confidence level), as 
well as a corresponding horizontal deformation signal that manifests as high shear strain rate. 
Dilatation strain rate analysis shows a contraction pattern along the SW-NE trend of the Kelantan 
River, associated with the extensional pattern as moving further away from the river.  
 
 
A study of the interseismic plate locking coefficient also reveals that the subduction interface 
for this segment, which was fully locked before the 2004 and 2005 earthquakes is freely slipping after 
the ruptures. The present-day (2007–2016) interseismic velocity fields have shown that this segment 
of the plate is now regaining locking with >0.5 coupling coefficient. While to the south, the plate 
interface along the Siberut segment was locked before the 2007 Bengkulu earthquake and it remains 
partially locked after the rupture. This finding is also consistent with published results, that suggest 
that the 2007 ruptures only slipped a part of the rupture length of the 1797 and 1833 earthquakes. 
This study reveals the temporal variation of the coupling coefficient along the Sunda subduction 
interface following the series of great earthquakes.  
 
 
The coseismic displacements are inverted to study two key ruptures, the 2004 Aceh 
earthquake and 2012 Wharton Basin earthquakes since they have significant effect on the present-
day geodynamics of the Sunda plate. The preferred model in this study agrees with the published 
models that the 2004 Aceh earthquake ruptured an at least 1,300 km long segment along the Sunda 
subduction trench, and it resulted in a moment of 4.3 × 1022 Nm and the moment magnitude of Mw 
9.0. The recent 2012 strike-slip earthquake shows a preference fault rupture of NNE trending. The 
rupture may have triggered some motion on the Sunda subduction interface, that is suggested to be 
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1.1 Spatial and temporal scales of geological processes and various geodetic techniques 
(Burbank and Anderson, 2011, Figure 5.2). Abbreviations: EDM – Electronic Distance 
Measurement; OB – Observation; GPS – Global Positioning System; VLBI – Very Long 
Baseline Interferometry. 3 
2.1 Topographic and bathymetric map of the SU plate. The inset is a regional map where the 
green polygon indicates the boundary of the SU plate. The black focal mechanisms indicate 
earthquakes of Mw 5.0 or greater from year 1999.0 to 2015.9, from the Global Centroid 
Moment Tensor (gCMT) catalogue. The red focal mechanisms indicate epicentre (small) and 
epicentre offset (large) of great earthquakes. The thick red lines are plate boundaries defined 
by Bird (2003). Topography and bathymetry information is based on SRTM30 (Becker et al., 
2009). 10 
2.2 Physiographic map of Sumatra and the surrounding archipelago (A). The red lines represent 
the plate boundaries defined in Bird (2003). The thick black lines indicate active faults from 
Coffin et al. (1998) and McCaffrey (2009b). The schematic cross-sections A–A’ and B–B’ are 
modified from Singh and Moeremans (2017) (B), and Simandjuntak and Barber (1996) (C), 
respectively. Abbreviation: SUT = Sunda trench; WAF = West Andaman fault; BF = Batee 
fault; SFS = Sumatra fault system; MFS = Mentawai fault system; IN–AU = Indian–Australian 
plate; BU = Burma block; SU = Sunda plate. Topography and bathymetry information from 
SRTM30 (Becker et al., 2009). 12 
2.3 Malaysian Revised Triangulation network (left) and campaign-based GPS network (right) in 
Peninsular Malaysia (Abd. Majid et al., 2002, Figure 1 and 2). 17 
2.4 Borneo Triangulation 1968 network (left) and campaign-based GPS network (right) in Sabah 
and Sarawak (Abd. Majid et al., 2002, Figure 1; JUPEM, 2009, Figure 4). 18 
2.5 The seismotectonic map of Peninsular Malaysia with the locally recorded seismicity (red 
stars) by the JMG (2009). The red lines indicate the JMG archived fault lines 
(active/potentially active/inactive). 20 




2.6 The tectonic setting of Sabah including the NW-SE schematic cross-section A–A’ modified 
from Tongkul (2015). The red focal mechanisms indicate earthquakes of Mw 5.0 or greater 
for the years 1976.0 to 2015.9, derived of the gCMT catalogue. 21 
3.1 The distribution of IGS sites used in this study. 24 
3.2 Distribution map of the near-field cGPS network in the Andaman–Nicobar archipelago (A) 
and the Sumatra archipelago (B). The red circles indicate the location of regional cGPS sites 
and the red star indicates the IGS station. The red lines represent plate boundaries defined 
by Bird (2003). Magenta triangles are active volcanoes from the Global Volcanism Program, 
www.volcano.si.edu. The green line in (B) represents the Great Sumatran Fault as described 
in Coffin et al. (1998). 26 
3.3 Distribution map of intermediate-field cGPS network in Peninsular Malaysia. The red circles 
indicate the location of regional cGPS sites and the red star indicates the IGS station (NTUS). 27 
3.4 Distribution map of the far-field cGPS network in Sabah and Sarawak, Borneo Island. The red 
circles indicate the location of regional cGPS sites. 28 
3.5 The position time series for UMAS, a far-field site, which is located at the core of the Sunda 
plate. This station covers the observation period between year 2004.93 and 2015.82. The 
coseismic displacements are shown in magenta (2007.699 and 2012.276). The coseismic 
displacement associated with postseismic deformation is shown in green (2004.984). The 
blue line shows the modelled trajectory of the station position. 35 
3.6 The position time series at USMP, a mid-field site, which is located approximately 620 km 
from the Sunda trench. This station covers the observation period between year 1999.94 
and 2016.00. Many MyRTKnet stations experienced observation disruption between 2005 
and 2007 due to hardware or firmware replacement. The coseismic displacement is shown 
in magenta (2000.128). The coseismic displacements associated with postseismic 
deformation are shown in green (2004.984, 2005.236, 2007.696, and 2012.276).  36 
3.7 The position time series at BSAT, a near-field site, which is located approximately 85 km 
from the Sunda trench. This station covers the observation period between the years 
2002.35 and 2015.18. The coseismic displacements are shown in magenta (2004.984, 
2008.150, 2009.285, 2009.745, 2011.170, 2011.351, and 2012.276). The coseismic 
displacements associated with postseismic deformation are shown in green (2002.488, 
2005.236, 2007.696, and 2010.814). The blue line shows the trajectory of station position 
with removed coseismic displacements for the 2002, 2005, 2007, and 2010 earthquakes. 36 
3.8 Histograms of residuals in easting (left), northing (centre) and up (right) components of the 
UMAS site for 3,953 daily position solutions with a 1 mm bin size. The red solid line 
represents a normal distribution with standard deviations of ±3.4 mm, ±2.9 mm and ±10.4 
mm (east, north and height). 39 
   




3.9 Histogram of residuals in easting (left), northing (centre) and up (right) components of the 
USMP site for 5,868 daily position solutions with a 1 mm bin size. The red solid line 
represents a normal distribution with standard deviations of ±5.0 mm, ±4.0 mm and ±13.3 
mm (east, north and height). 39 
3.10 Histogram of residuals in easting (left), northing (centre) and up (right) components of the 
BSAT site for 4,689 daily position solutions with a 1 mm bin size. The red solid line 
represents a normal distribution with standard deviations of ±5.0 mm, ±4.2 mm and ±16.8 
mm (east, north and height). 40 
4.1 Topographic map of Sumatra and the surrounding archipelago (top). The focal mechanisms 
are sourced from the gCMT Catalogue (Ekström et al., 2012). The labelled coloured outlines 
indicate the rupture zone of large historic and recent ruptures on the Sunda megathrust, 
modified from Briggs et al. (2006), Hurukawa et al. (2014) and Feng et al. (2015). 
Abbreviation: WAF = West Andaman fault; BF = Batee fault; SFS = Sumatra fault system; and 
MFS = Mentawai fault system from Coffin et al. (1998) and McCaffrey (2009b). SUT = Sunda 
trench; IN–AU = Indian–Australian plate; BU = Burma block; SU = Sunda plate. 1797 ~M 8.7; 
1833 ~M 8.9; 1861 ~M 8.5 1935, ~Mw 7.7 2000, Mw 7.9 and 2002 Mw 7.3. 43 
4.2 The coseismic displacements of the 2004 Mw 9.0 Aceh earthquake from the vectors represent 
this study (green), Subarya et al. (2006) (S, orange and yellow), Banerjee et al. (2007) (B, 
maroon) and Feng et al. (2015) (F, red). Two different horizontal scales are used to represent 
the coseismic displacements. The figure illustrates the error ellipses (1σ confidence interval) 
and vertical offsets (this study), subsidence (blue) and uplift (red). Abbreviations: Hz – 
Horizontal offset; Vt – Vertical offset. 49 
4.3 The postseismic amplitude (cyan-headed arrow) associated with the error ellipse in 1σ 
confidence interval for the 2004 Aceh earthquake. The coseismic vector (green arrow) is the 
same as in Figure 4.2. The postseismic decay period, τ, was determined for each station to 
obtain the best logarithmic fit (Table 4.2).  The red dots represent active cGPS sites during 
the event. 51 
4.4 The coseismic displacements of the 2005 Mw 8.6 Nias–Simeulue earthquake. The plotted 
vectors are the coseismic displacements from this study with two different scales (red-
headed and green-headed), Konca et al. (2007) (K, orange and yellow) and Feng et al. (2015) 
(F, cyan and red). The observed vertical coseismic displacements and error ellipses (1σ 
confidence interval) are only plotted for this study. 53 
4.5 The postseismic amplitude (cyan and dark blue arrow) associated with the error ellipse in 
1σ confidence interval for the 2005 Nias earthquake. The coseismic vector (green and orange 
arrows) is as given in Figure 4.4. The postseismic decay period, τ, was determined for each 
station to obtain the best logarithmic fit (Table 4.3). The red dots are active cGPS sites during 









4.6 The coseismic displacements of the 2007 Mw 8.5 Bengkulu earthquake. The plotted vectors 
are the coseismic displacements from this study with three different scales (orange), Konca 
et al. (2008; K – red) and Feng et al. (2015; F – green). The observed vertical coseismic 
displacements and error ellipses (1σ confidence interval) are only plotted for this study. 58 
4.7 The postseismic amplitude (cyan and dark blue arrow) associated with the error ellipse in 
1σ confidence interval for the 2007 Bengkulu earthquake. The coseismic vectors in this 
study (green, yellow and orange arrows) are the same offsets as illustrated in Figure 4.6. The 
postseismic decay period, τ, was determined for each station to obtain the best logarithmic 
fit (Table 4.4).  The red dots are active cGPS sites during the event.   61 
4.8 The coseismic displacements of the 2012 Mw 8.6 and Mw 8.2 Wharton Basin earthquakes in 
Sumatra and Peninsular Malaysia. The vectors represent the coseismic displacements in this 
study (red), Feng et al. (2015) (F, green) and Hill et al. (2015) (H, orange). The observed 
vertical coseismic displacements and error ellipses (1σ confidence level) are only plotted for 
this study. 65 
4.9 The coseismic displacements of the 2012 Mw 8.6 and Mw 8.2 Wharton Basin earthquakes in 
(A) Andaman and Nicobar Islands and (B) northern Borneo. The vectors are the coseismic 
displacements estimated with error ellipses (1σ confidence level) in this study. The observed 
vertical coseismic displacements are represent in uplifted (red bar) and subsided (blue bar). 66 
4.10 The postseismic amplitude (cyan arrow) associated with the error ellipse in 1σ confidence 
interval for the 2012 Wharton Basin earthquakes. The coseismic vectors in this study (green 
arrow) are the same offsets as illustrated in Figure 4.8. The postseismic decay period, τ, was 
determined for each station to obtain the best logarithmic fit, and the value is listed in Table 
4.5.  The red dots are active cGPS sites during the event.   68 
4.11 The coseismic displacements of the (A) 2009 Mw 7.6 Padang earthquake, (B) 2009 Mw 7.8 
West Banyak Island earthquake and (C) 2009 Mw 7.8 Mentawai earthquake. The plotted 
arrows included the coseismic displacements from this study, F – Feng et al. (2015), H – Hill 
et al. (2015), and W – Wiseman et al. (2012). The observed vertical coseismic displacements 
and error ellipses (1σ confidence interval) are only plotted for this study. The rupture zone 
of the 2004 Aceh earthquake in green and 2005 Nias earthquake in blue as in Figure 4.11B. 72 
5.1 The plate boundaries of the Sunda plate with its surrounding plates as defined by Bird 
(2003). The approximate (NNR-MORVEL) plate motions are marked with black arrows 
(Argus et al., 2011). The blue star indicates the 2012 Mw 8.6 earthquake epicentre and the 
green star indicates the Mw 8.2 earthquake epicentre. The blue shaded area shows the 
rupture region of the 2012 doublet earthquakes. Two-letter plate identifiers are: Birds Head 
(BH), Banda Sea (BS), Burma (BU), Mariana (MA), Manus (MN), Maoke (MO), Molucca Sea 
(MS), North Bismarck (NB), Timor (TI), South Bismarck (SB), Solomon Sea (SS), Woodlark 









5.2 The cGPS sites distribution in Southeast Asia used in this study. The solid black triangles 
represent all the available cGPS sites from Indonesia–SuGAr network (consisting of Sumatra, 
Sunda forearc archipelagos and Java Island); Malaysia–MyRTKnet and MASS network 
(Peninsular Malaysia, Sabah and Sarawak); and other ASEAN sites (Andaman Island (India), 
Singapore, Thailand and The Philippines). The red triangles denote cGPS sites used in the 
determination of the Sundaland Euler pole and absolute rotation vector. 80 
5.3 The interseismic velocity fields of 9 chosen cGPS sites in Peninsular Malaysia defined in 
ITRF2008 (Yong et al., 2016, Figure 3). Coloured arrows represent the velocity field for the 
period between 1999.0–2004.9 (in magenta), 2005.2–2012.2 (in blue) and 2012.2–2014.9 
(in black). 81 
5.4 The residual plot of the estimated velocity field with the MORVEL Sunda plate-fixed for four 
different periods: (a) 1999.0–2014.9; (b) 1999.0–2004.9; (c) 2005.2–2012.2; (d) 2012.2–
2014.9. The inset shows the frequency of the velocity residuals over five different velocity 
ranges. 84 
5.5 Euler rotation pole and pole error ellipses of Sunda plate as listed in Table 5.3. 90 
6.1 The maximum shear strain rates in the Sunda plate calculated from cGPS measurements 
between 1999.0–2004.9. The thick red line indicates the plate boundary defined in Bird 
(2003). The thin red line indicates the known fault lines from Coffin et al. (1998), McCaffrey 
et al. (2009b) and JMG (2009). Red circles denote the active cGPS sites used in the strain rate 
analyses. The magnitude of maximum shear strain rate is given by the colour bar and the 
strain rate principle axes are designated by the black arrows. 98 
6.2 The maximum shear rates (A and B) and dilatation (areal) strain rates (C and D) of Sumatra 
calculated from cGPS measurements between 2005.2–2012.2 and 2012.2–2015.0. The strain 
rate principle axes (black arrows) indicate the scale of strain rate in a regular grid with a cell 
size of 0.08˚ (~9 km). The colour bar in the dilatation strain rate indicate compression in 
negative values (blue) and extension in positive values (red). 99 
6.3 The maximum shear strain rates of Peninsular Malaysia calculated from cGPS measurements 
between (A) 2005.2–2012.2 and (B) 2012.2–2015.0. The strain rate principle axes (black 
arrows) indicate the scale of strain rate in a regular grid with a cell size of 0.04˚ (~4.5 km). 
Results are clipped at the coast. 102 
6.4 The maximum shear strain rates of northern Borneo calculated from cGPS measurements 
between (A) 2005.2–2012.2 and (B) 2012.2–2015.0. The strain rate principle axes (black 
arrows) indicate the scale of strain rate in a regular grid with a cell size of 0.08˚ (~9.0 km). 
Results are clipped at the coast. 103 
6.5 Dilatational strain rate in the Kelantan State based on the selected cGPS sites. The dilatation 
rate colour bar indicates contraction in blue (negative) and extension in red (positive). The 
grey region represents areas where there is insufficient data to reliably estimate strain rates. 
The strain rate principle axes in Figure 6.3A are similar (magenta). The black arrows 
designate the GPS vertical measurements. Red circles denote cGPS sites used in dilatation 
strain rate estimation.  106 




6.6 Illustration of the ground profile across the extraction area (Tandanand and Powell, 1991; 
Figure 1). 106 
7.1 Interseismic velocity fields relative to Sunda plate (at 1σ uncertainties) spanning the period 
(A) 1991.0–2001.0 (Prawirodirdjo et al., 2010); (B) 2001.0–2007.0 (Prawirodirdjo et al., 
2010); (C) 2007.0–2012.2; and (D) 2012.2–2015.9. The rotation pole for the Sunda plate was 
estimated in Section 5.5 (Yong et al., 2017). 111 
7.2 Elastic crustal block configuration described in this chapter. The surface traces of known 
fault lines are shown as red lines (Coffin et al., 1998; JMG, 2009; McCaffrey, 2009a). The 
backarc spreading ridge and transform fault in Andaman Sea as in Bird (2003, Figure 4). 
Inset illustrates the slab geometry of the Sunda subduction trench outlined by nodes (black 
dots), and the red line is the boundary of the Sunda block. 114 
7.3 The representation of nodes as the fault surface geometry and the slip processes integrated 
across a fault (McCaffrey, 2002). 115 
7.4 Geometry of the elastic dislocation source model (Okada, 1985), and (b) Coordinate system 
of the internal displacement and strain fields (Okada, 1992). 118 
7.5 Results of resolution test for locking on the Sunda subduction interface. (A) the synthetic 
input locking pattern. The discretized patches are approximately 150 x 20 km. (B) the 
recovered locking distribution by inversion of the white noise data generated by the forward 
model. The transparent grey area shows the resolved patches of the slab. Phi (ϕ) refers to 
the degree of coupling, where ϕ value of 1.0 means full interseismic coupling, and 0 means 
no coupling (aseismic creep). The white circles indicate the available sites in this study. 120 
7.6 GPS vectors from the published study (A and B) and this study (C and D) in black arrows (1σ 
uncertainties) with calculated vectors in red arrow. The vectors are shown relative to the 
Sunda plate in the following order: (A) 1991.0–2001.0, (B) 2001.0–2007.0, (C) 2007.0–
2012.2 and (D) 2012.2–2015.9. The shading on the Sunda forearc represents the level of 
coupling coefficient, phi Φ, where the value indicates freely slipping at 0 and fully locked at 
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1.1 Tectonic Geodesy 
 
 
Geodesy is the science of measurement to understand three fundamental properties of the 
Earth: (1) the change in geometrical shape (geokinematic), (2) the gravity field and (3) rotation, as a 
function of time; which are also known as, the three Pillars of Geodesy. With the advent of fast-
growing technology over recent decades, particularly in space-based geodetic measuring tools, it is 
possible to precisely quantify these properties. According to Arora (2011), geodesy is commonly 
used to represent the external geometry of the Earth without the need to know the detailed 
mechanisms of change. The intersection of geometrical information of the Earth properties with 
other geophysical disciplines, including tectonics, geology, seismology, oceanography, hydrology, 
atmospheric physics, meteorology, and climate change, can vastly increase the scientific interest and 
physical implication (Blewitt, 2015).  
 
 
Since 1960–70’s, the theory of plate tectonics had been progressively accepted after validation 
from geological, geophysical and geodetic studies (Chase, 1978; Minster and Jordan, 1978). In most 
cases, tectonic plates are difficult to define at small scales without a macroscopic vision. Currently, 
25 tectonic plates that collectively cover 97% of the Earth’s surface have been described (DeMets et 
al., 2010). The vast growth of space-based geodetic measuring tools, particularly the Global 
Positioning System (GPS) or Global Navigation Satellite System (GNSS), has created a linkage 
between the geological and geodetic fields that has helped to determine current plate motions. 
Geodetic measurements can detect and monitor plate motion dynamics and create an opportunity to 
study the driving forces of tectonic plates, elastic response of pre-, co- and post-earthquake 
deformation, and more, at the global-scale; as well as regional-scale land deformation. This approach, 
in which the geodesy is implemented in tectonics study is called Tectonic Geodesy.  
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1.2  Geodetic Measurements 
 
 
The restless Earth is the best description to reflect the frequency of earthquakes. Based on the 
United States Geological Survey (USGS) records, there are about 20,000 earthquakes per year 
worldwide that result mostly from the collision and subduction of tectonic plates. Most of these 
earthquakes are small scale, far from human civilization and bring minimum threats to manmade 
structures and human life. However, there are also great earthquakes which occur occasionally, that 
cause enormous damage and loss of life when they happen. Theoretical earthquake recurrence times 
suggest that a giant earthquake of M9.0 and above will occur one to three times globally per century, 
and once per year for a great earthquake with magnitude 8.0–8.9 (McCaffrey, 2008). Yet the 
recurrence period of great earthquakes cannot be represented by temporal clustering nor long-term 
averages, but also relies on other factors, for instance, subduction zone properties, trench lengths 
and convergence rates of tectonic plates.   
 
 
Several types of sensors have been deployed to study the dynamic motion of tectonic plates. In 
general, these measurement sensors are categorised into two different disciplines, geophysical and 
geodetic. Geophysical sensors, including seismometers and strainmeters, can determine the body 
motion of the earth. On the other hand, the geodetic sensors, such as GPS/GNSS, Very Long Baseline 
Interferometry (VLBI) and Interferometric Synthetic Aperture Radar (InSAR), triangulation and 
terrestrial measurements (i.e. precise levelling, electronic distance measurement (EDM)), can 
provide ground motion measurements associated with geo-referenced objects. There is a general 
understanding that all types of sensors were designed to serve in a different application, and 
therefore these sensors commonly come with inherent strengths and limitations in the precision of 
a measurement, the rate of observation and the level of sensitivity under different circumstances 
(Figure 1.1). Since the first GPS measurements of plate boundary deformation in the mid-1980’s, the 
GPS/GNSS never failed to show its diverse capability when measuring plate boundary deformation 
when using both high (Larson, 2009; Yong, 2012) and low (Simons et al., 2007) data sampling rate. 
The level of precision using GPS, particularly the Continuously Operating Reference Station (CORS; 
also known as continuous GPS (cGPS) site), has enabled the opportunity to estimate long-term plate 
motion, as well as to capture the short-term transient motions.  
 
 




Figure 1.1: Spatial and temporal scales of geological processes and various geodetic techniques (Burbank and 
Anderson, 2011, Figure 5.2). Abbreviations: EDM – Electronic Distance Measurement; OB – Observation; GPS – 
Global Positioning System; VLBI – Very Long Baseline Interferometry.  
 
 
Unlike earthquake slip, the geological process of a tectonic plate takes place over years up to a 
few decades. The emergence of GPS technology, which has been adopted in geodynamics studies, has 
a history of only three decades. However, the GPS measurement period is relatively short compared 
to geological time scales where it can only describe a short period of crustal deformation. In contrast, 
geological and geophysical data can depict the paleogeological process of a tectonic plate, however 
the observable rate of deformation is likely to be a drawback for these techniques. The role of GPS in 
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1.3 Reference Frames 
 
 
Nothing is static on the Earth as all the tectonic plates are constantly moving. To establish what 
is moving, some part of the Earth must be held fixed in order to determine relative movement. In the 
early years, tectonic plate motion models were constructed based on relative plate motion from 
geological and geophysical data. Initially, in the early 1980’s, GPS used the World Geodetic System 
1984 (WGS84) as the geocentric datum to determine the position of the Earth surface. The latest 
realisation of WGS84 (G1762, GPS week of realisation) aligns the global datum with the International 
Terrestrial Reference Frame (ITRF), at a level of <1 cm (NGA, 2014). The alignment between the 
WGS84 and ITRF drives the practice of long-term geodetic observation in geophysical phenomena, 
for example, the TRF (Terrestrial Reference Frame, also called BTS84) velocity field was estimated 
for the first time by Boucher and Altamimi. (1985), based on space geodesy measurements. The ITRF 
is the TRF realisation of the International Terrestrial Reference System (ITRS) inheriting the 
mathematical properties of the TRS (Terrestrial Reference System; Altamimi et al., 2011). It is a “no-
net-rotation (NNR)” reference frame, in which each of the tectonic plates move with respect to the 
weighted average of the global plate velocities. Therefore, NNR is commonly referred as the “absolute” 
plate motion as it resembles the motions of the tectonic plate surface with respect to the Earth’s 
interior (UNAVCO, 2015).  
 
 
Starting with the first version of the ITRF (ITRF 1988) and up to the current version, ITRF2014, 
the ITRF evolution is a regular process, in which the reference frame is updated by including newly 
accumulated geodetic data (VLBI, Satellite Laser Ranging (SLR), Doppler Orbitography and 
Radiopositioning Integrated by Satellite (DORIS), and the GNSS) and improved analysis strategies 
developed by the ITRF analysis centres. The international research communities also formulate 
regional reference frames in order to have a better position fit at the regional scale. Examples of 
current regional reference include, the European Reference Frame (EUREF), Sistema de Referencia 
Geocéntrico para las Américas (SIRGAS), Africa Reference Frame (AFREF), Asia-Pacific Reference 
Frame (APREF). Similarly, local authorities have also established national reference frames aligned 
with global reference frame (e.g. ITRF), such as the Malaysian Geodetic Reference Frame 2020 
(MGRF2020), and Indonesia Geospatial Reference System 2013 (IGRS 2013).  
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The ITRF is dynamic in nature since the site coordinates are constantly varying due to tectonic 
movement on a global scale. The latest realisation, ITRF2014, included postseismic transient effects 
and coseismic displacements when estimating the new positions, thereafter, a 2-sigma improvement 
in the level of position precision is expected (Altamimi et al., 2016). This study is, however, using 
ITRF2008 instead of the latest ITRF2014 as the reference frame in the position and velocity 
estimation. The ITRF2008 was used in preference as the products are well established and ITRF2014 
had not been released at the time this study was started. Nevertheless, the alignment between the 
ITRF2014 and ITRF2008 can be easily established by applying the 14 transformation parameters 





1.4 Limitation and Research Gap 
 
 
Regional geodetic research collaboration involving the Sundaland (hereinafter referred to as 
Sunda plate) tectonic plate, including GEODYSSEA and SEAMERGES, have been sporadic and project 
based. These projects produced intensive research that covered most regions of the Sunda plate 
between 1994 and 2004, which underpinned the fundamental contemporary geodynamic model of 
the region (Wilson et al., 1998; Simons et al., 1999; Michel et al., 2001; Simons et al., 2007). Between 
2004 and 2012, the Sunda subduction trench and the region surrounding the trench entered a 
seismically active period following several great earthquakes of magnitude 8 and above. These great 
earthquakes include the 2004 Mw 9.0 Aceh, 2005 Mw 8.6 Nias, 2007 Mw 8.5 Bengkulu and 2012 Mw 
8.6 and Mw 8.2 Wharton Basin earthquakes. Because of this series of great earthquakes, there is a 
crucial need to review the impact of these earthquakes on the Sunda plate. The present-day regional 
velocity field, coseismic displacement, postseismic deformation, and level of fault locking along the 
Sunda subduction trench needs to be investigated. There are some recent studies (e.g. Simons et al., 
2007; Feng et al., 2015; Mustafar et al., 2017) that have reviewed some of these questions, however, 
our contemporary understanding of the wider region of Sunda plate remains unclear. 
 
 
The plate rotation vectors (absolute) estimated by previous studies (Sella et al., 2002; Kreemer 
et al., 2003; Prawirodirdjo and Bock, 2004; Simons et al., 2007; DeMets et al., 2010; Argus et al., 2011; 
Altamimi et al., 2012; Kreemer et al., 2014; Mustafar et al., 2017) have recognised the Sunda plate as 
a separate plate. Although initially assumed to be a part of the Eurasian plate, it is now accepted as a 
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plate with its own pole of rotation. In the early 2000’s, the rotation vector of the Sunda plate was 
estimated under a poorly defined reference frame (Simons et al., 2007). A sparse geodetic network 
and the past regional data sharing policy resulted in poor reference frame estimation. The latest ITRF 
products (i.e. ITRF2008 and ITRF2014) have demonstrated a significant improvement in terms of 
accuracy due to enhanced ITRF combination strategies and better measurement solutions (Altamimi 
et al., 2016). Therefore, the estimation of the Sunda plate angular velocity and pole of rotation with 
respect to a recent reference frame is a necessity. The dense geodetic network in the Sunda region 
utilised in this dissertation is well suited to improve the existing solution. Additionally, the geodetic 




Lastly, the understanding of present-day geodynamics and tectonic deformation of the Sunda 
plate interior, particularly the western margin of the Sunda plate, is further extended to investigate 
the contemporary locking coefficient along the Sunda subduction trench. The study discusses the 
kinematics of Sunda subduction trench by identifying the distinct tectonic blocks, block motion, fault 
slip deficit rates, and locking coefficients along the subduction interface. The distribution of the cGPS 
network on the Sunda plate should provide an excellent quantitative estimate of the plate interior 
motions as well as the western and northern edge of the tectonic plate. The mid to far-field (>500 km) 





1.5 Research Objectives 
 
 
This research focuses on the coseismic and postseismic deformation induced by a series of 
great earthquakes on the Sunda megathrust from 1999.0–2016.0, and measured by an extensive 
network of cGPS sites. The objectives of this research are described below.  
 
 
The first objective is to model the tectonic plate motion of the Sunda plate. Data from cGPS sites 
with long periods of available data in the Southeast Asia region were used to define the latest tectonic 
plate motion. The GPS phase observations from more than 100 sites in Indonesia, Malaysia, and the 
Philippines covering the period 1st January 1999 – 31st December 2015 (17 years) were used. A 
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uniform processing strategy including measurement models, reprocessed final ephemeris and global 
reference frame was introduced for the plate modelling. The final estimated position time series is 
used to simultaneously estimate linear trends, annual and semi-annual geophysical loading, 
coseismic displacement and postseismic deformation for each cGPS site.  
 
 
The second objective is to produce a contemporary geodetic-based velocity field following the 
series of great earthquake events. Between 1999.0 and 2016.0, there were 27 large earthquakes (Mw 
7.0 and greater) in the region of the Sunda plate, and 5 out of 27 are great earthquakes (≥ Mw 8.0). 
The global velocity models, for instance, MORVEL, NUVEL-1A, and others, do not include the 
coseismic and postseismic deformation models of these earthquakes. The limitations of a global 
velocity model in the sense of data availability and geodetic network coverage provides motivation 
to estimate an improved model that gives a better spatiotemporal velocity estimation.  
 
 
The third objective is to investigate the locking zone and strain level along the Sunda 
megathrust. In the past decades, the series of great earthquakes along the edge of Sunda plate shows 
its potential to produce earthquakes ≥ Mw 9.0. The next great earthquake threat in this region can be 
assessed by understanding the characteristics of interseismic deformation between year prior to 
2004, 2005–2012 and 2012–2016.  The interseismic fault coupling models enables evaluation of the 
change in the locking coefficient over time and following the series of great earthquakes. In addition, 
two great earthquakes (2004 Aceh earthquake and 2012 Wharton Basin earthquakes) that influence 
the present-day tectonic motion and deformation of Sunda plate are modelled. This involves 
inverting GPS-observed coseismic displacements for both events using the Okada dislocation 





1.6 Dissertation Outline 
 
 
The purpose of this research is to use geodetic techniques, in this case, cGPS measurements to 
investigate the geodynamics and tectonics activities in the Sunda plate. This research examines the 
kinematics of the Sunda plate and crustal deformation induced by the series of great earthquakes 
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originated from the Sunda megathrust between 1999.0–2016.0, as well as the potential threat of the 
localised deformation. This dissertation consists of 8 chapters including this introduction: 
 
 
• Chapter 2 describes the tectonic setting in Sunda plate, particularly the Andaman–Nicobar, 
Sumatra, Peninsular Malaysia, and northern Borneo (Sabah and Sarawak) that cover the large 
part of Sunda plate interior (excluding the ocean-covered areas). An overview of historical 
measuring approaches is briefly described.  
 
• Chapter 3 analyses and discusses the available cGPS network in Sunda plate and the GPS time 
series. The GPS data processing strategies and the method of time series analysis are discussed.  
 
• Chapter 4 covers a detailed chronological sequence of large earthquakes (Mw 7.5 and greater) 
along the Sunda megathrust and its vicinity between 1999.0 and 2016.0. The coseismic 
displacement and postseismic deformation for each earthquake events were reviewed.  
 
• Chapter 5 contains the definition of velocity field and rotation vector of the Sunda plate.  
 
• Chapter 6 is split into two sections. The first section uses the velocity field described in Chapter 
5 to estimate the geodetic-based strain rate change induced by each great earthquake events. 
The second section focused on the high strain rate regions in the plate interior to quantify the 
localised deformation that might not be related to the earthquake activity.  
 
• Chapter 7 presents modelling of four interseismic coupling periods, 1991.0–2001.0, 2001.0–
2007.0, 2007.0–2012.2 and 2012.2–2015.9, along with the Sunda subduction trench. This 
chapter also presents the elastic dislocation models for two key events, 2004 Aceh earthquake 
and 2012 Wharton Basin earthquake, that both affected the present-day velocity field of the 
Sunda plate.  
 
• Chapter 8 summarises the main findings of the dissertation and the research outcomes. Lastly, 
this chapter elaborates the implications of the results and outcomes for future work.






The continental plate interior of Sundaland (SU) comprises most of the Southeast Asian (SEA) 
countries, which include Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar, Philippines, 
Singapore, Thailand, and Vietnam. It also consists of a wide area of shallow sea basin that is not 
significantly elevated (Hall and Morley, 2013). It shares a common boundary with the Eurasian, 
Indian–Australian, Pacific and Philippine Sea plates; some of these boundaries are very active and 
complex subduction zones. The Sunda plate interior is stable and low in seismicity, in contrast to the 




The western margin of the Sunda plate is the 5,000 km long Sunda megathrust, where the 
Indian–Australian plate and the Sunda plate are converging to form a major subduction zone. It has 
undergone an active seismological period in the past decade, or longer. A series of great earthquakes 
(M8.0 or greater), sequentially the 2004 Mw 9.01 Aceh earthquake (Ammon et al., 2005; Ishii et al., 
2005; Vigny et al., 2005; Subarya et al., 2006; Banerjee et al., 2007; Catherine et al., 2014), the 2005 
Mw 8.6 Nias earthquake (Briggs et al., 2006; Subarya et al., 2006; Banerjee et al., 2007; Konca et al., 
2007), 2007 Mw 8.5 Bengkulu earthquake (Konca et al., 2008), and 2012 Mw 8.6 and Mw 8.2 Wharton 
Basin earthquakes (Delescluse et al., 2012; Duputel et al., 2012; Meng et al., 2012; Pollitz et al., 2012, 
2014; Satriano et al., 2012; Wang et al., 2012; Wiseman and Bürgmann, 2012; Yue et al., 2012; Zhang 
et al., 2012; Wei et al., 2013; Yadav et al., 2013; Geersen et al., 2015; Hill et al., 2015; Yin and Yao, 
                                                          
1  There is disagreement concerning the inclusion of composite moment-rate function in determining the moment 
magnitude for the Aceh earthquake. Most studies agree that this earthquake has a moment magnitude (Mw) of between 9.0 
and 9.2. This study used of Mw 9.0 to describe the seismic moment of the 2004 Aceh earthquake. 
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2016), have created a significant deformation over the region (Section 4.2). A long postseismic 
relaxation period, mainly along the western margin of the SU plate, is still influencing the present-




Figure 2.1: Topographic and bathymetric map of the SU plate. The inset is a regional map where the green 
polygon indicates the boundary of the SU plate. The black focal mechanisms indicate earthquakes of Mw 5.0 or 
greater from year 1999.0 to 2015.9, from the Global Centroid Moment Tensor (gCMT) catalogue. The red focal 
mechanisms indicate epicentre (small) and epicentre offset (large) of great earthquakes. The thick red lines are 
plate boundaries defined by Bird (2003). Topography and bathymetry information is based on SRTM30 
(Becker et al., 2009).  
  
 
Great earthquakes create complex tectonic processes with prolonged periods and widespread 
deformation, which has occurred in most of the western margin of the SU plate, particularly in 
Sumatra and its adjacent archipelago (e.g. Simeulue, Batu, Nias, Siberut, Sipura, Pagai and Enggano 
Island). Following the series of great earthquakes, the Sunda plate boundary regions, such as the 
forearc sliver (⪅300 km wide, normal to the Sunda trench) and adjacent backarc were extensively 
studied by local and international researchers, using geological, seismological and geodetic methods 
(Sieh et al., 1999; McCaffrey, 2009b; Feng et al., 2015). However, the impact of the great earthquakes 
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on the centre core of the Sunda plate (>500 km from the Sunda trench) remains unclear, and it needs 
to be spatially and temporally quantified.  
 
 
In this chapter, the regional tectonic properties are discussed, and previous geological, 
geophysical and geodetic studies are reviewed. The study regions will mainly focus on the western 
margin (India: Andaman and Nicobar Islands; Sumatra archipelago: Sumatra, Simeulue, Nias, Batu, 
Siberut, Sipura, Pagai, and Enggano Islands), and the central margin of the SU plate (Northern 
Borneo–Sabah and Sarawak, and Peninsular Malaysia; locations and place names are illustrated in 





2.2 Tectonic Setting 
 
 
Most of the SEA countries, except for Thailand, have a long colonisation era between the late 
14th and the 19th century. The first useful geological survey in the SEA countries is believed to have 
been during this period, some time between the 17th and 19th centuries (Hutchison, 2007). Geological 
investigations might have existed before this period, but during the early colonial period, historical 
records were not preserved, following the transition of the colonial empires (Portuguese, Dutch, 
British, French and Japanese). These colonised countries benefited from geological surveying and 
mapping work, and some of these documents still exist today. Even so, the geological work was 
disrupted again during the Second World War (WW II) from 1941 until 1945, when many vital 
records, manuscripts and maps vanished.  
 
 
After WW II, the development of geological work in SEA countries did not progress, which was 
due to issues such as the disruption caused by local political disputes and the transition of political 
power. Geological surveys recommenced following the stabilisation of conflicts between countries 
and amongst the local political factions. However, the survey work was mainly carried out on a 
national scale, and the work progressed at different rates in different countries. There is speculation 
that competition for potential oil fields in the South China Sea and outdated national security policies 
might be factors that restrained regional-scale systematic geological surveys and geological data 
sharing in the SEA region (Hutchison, 2007).  






Figure 2.2: Physiographic map of Sumatra and the surrounding archipelago (A). The red lines represent the 
plate boundaries defined in Bird (2003). The thick black lines indicate active faults from Coffin et al. (1998) 
and McCaffrey (2009b). The schematic cross-sections A–A’ and B–B’ are modified from Singh and Moeremans 
(2017) (B), and Simandjuntak and Barber (1996) (C), respectively. Abbreviation: SUT = Sunda trench; WAF = 
West Andaman fault; BF = Batee fault; SFS = Sumatra fault system; MFS = Mentawai fault system; IN–AU = 
Indian–Australian plate; BU = Burma block; SU = Sunda plate. Topography and bathymetry information from 
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In the late 1980’s, when GPS techniques were first used in this region, initial geodetic studies 
(Curray, 1989; Tregoning et al., 1994) inferred that the SU plate (so-called Southeast Asia plate) was 
part of the Eurasian plate, with no clear boundary between the SU and Eurasian plates. Further 
investigations by international research collaborations involved a joint venture between SEA 
countries (Indonesia, Malaysia and Thailand) and researchers from Europe and Japan. These multi-
national projects included “Geodynamics of South and Southeast Asia” (GEODYSSEA) and “Southeast 
Asia: Mastering Environmental Research with Geodetic Space Techniques” (SEAMERGES). These 
collaborative projects established regional GPS survey networks by carrying out new GPS field 
surveys with local agencies, and by data sharing between the researchers involved. These projects 
showed the SU block to be separate from the Eurasian plate and defined a pole of rotation with 
respect to the adjacent plates (Wilson et al., 1998; Chamot-Rooke and Le Pichon, 1999; Simons et al., 
1999, 2007; Michel et al., 2001). More recent findings validated its distinct motion and determined 
the absolute vector of the SU plate (Sella et al., 2002; Bock et al., 2003; Kreemer et al., 2003; 
Prawirodirdjo and Bock, 2004; Simons et al., 2007; DeMets et al., 2010; Argus et al., 2011; Altamimi 
et al., 2012; Kreemer et al., 2014; Yong et al., 2017).  
 
 





The Dutch colonial government greatly influenced Indonesian geological studies during the 
late 18th century. The Dutch government established the Geological Survey of the Dutch East Indies, 
which operated from 1850 to 1950. The mines and natural resource exploration in the early years 
created a booming geological programme of mapping and research. Systematic and comprehensive 
surveying and mapping activities first began in the Java and Madura islands in 1862, where it took 
nearly 18 years to carry out the first regional triangulation campaign (Abidin et al., 2015). The 
triangulation network was later expanded to other parts of the Indonesian archipelago such as 
Sumatra in 1883, Sulawesi in 1913, Bangka (south Jakarta) in 1917 and Flores in 1960. An 
unexpected outcome from the triangulation network, which was established solely for surveying and 
mapping purposes, was to study coseismic deformation such as during the 17th May 1892 M7.5 
earthquake (see Figure 4.1 for historical earthquake epicentre location). Triangulation 
measurements by Müller (1895) showed a right-lateral motion along a fault line (now known to be 
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the Great Sumatran fault), in which the measurements were later cited by Reid (1913) as evidence of 
postseismic elastic rebound of the crust in the earthquake cycle.  
  
 
The 19th century Indonesian triangulation network remained the primary spatial reference 
frame until the Sputnik era of the late 1950’s. In 1989, the Geospatial Agency of Indonesia (BIG, Badan 
Informasi Geospasial; formerly Bakosurtanal) began to use modern space-based positioning 
techniques when they established campaigned-based GPS geodetic networks through the GPS-GPS 
(Global Positioning System for Geodynamics Project in Sumatra) programme. This programme, 
which ran for five years, served two purposes: Firstly, to define the zero-order geocentric datum for 
Indonesia, and secondly, to conduct regional geodynamics studies. The first GPS network was 
sparsely distributed, and the work on campaign-based GPS measurement was tedious and limited by 
the challenging terrain. Prawirodirdjo et al. (2000) combined twenty-two long-term triangulation 
measurements (1883–1993) with GPS measurements from more than 150 sites (1989–1993) to 
investigate the slip history along the Sumatran fault. They characterised the slip rates as ranging from 
23–24 mm/yr with a locking depth of 20 km between 1.0°S and 1.3°N along the Sumatran fault and 
suggested that the deep locking depth may result in large earthquakes (~Mw 7).   
 
 
After the cessation of the GPS-GPS programme, the Indonesian GPS network evolved from a 
campaign-based network to a continuously operating geodetic network. In 1996, BIG began to install 
cGPS sites, which started with Cibinong (BAKO), Medan (SAMP), and Parepare (PARE; Abidin et al., 
2010). To date, the Indonesian GPS network has expanded to a total of 333 cGPS sites, including 183 
sites established by the National Land Agency of Indonesia (BPN-RI, Badan Petanahan National 
Republik Indonesia) and 32 sites from the Sumatran GPS Array (SuGAr) network2. Access to the cGPS 
data is restricted to local institutions for research, positioning and mapping purposes. For instance, 
Abidin et al. (2016) utilised the network data to define a semi-dynamic National Geodetic Datum 
1995 (NGD 1995) that attempts to model the high level of crustal deformation and the complex 




                                                          
2 SuGAr network is collaboratively maintained by the LIPI (Indonesian Institute of Sciences), Caltech (California Institute 
of Technology) and EOS (Earth Observatory of Singapore). The number of stations has expanded from 32 to 49 cGPS sites 
dated on November 22nd, 2017. However, this study includes 32 SuGAr cGPS sites due to the data availability and 
accessibility. The GPS measurement data are available for public download at ftp://eos.ntu.edu.sg/SugarData/ with a 3-
month latency.  





In the Earth Science community, the Sumatra region is often used as an example of slip 
partitioning at a subduction margin (Fitch, 1972; McCaffrey, 2009b). The oblique convergence 
between the Indian–Australian plate subducting beneath the overriding SU plate results in multiple 
faults with parallel slip motion (i.e. Sumatran fault system) along the Sunda trench (Figure 2.2). 
Further to the south of Java, the subduction of the Australian plate is nearly perpendicular to the 
trench. The relative motion between the Indian–Australian and Sunda plates is highest at the south 
of Flores (N13°) at 70 mm/yr, and the rate slowly decreases to 63 mm/yr N14° at the south of the 
Sunda Strait. Further north, the change in subduction from normal to oblique to the trench leads to a 
change of magnitude at 55 mm/yr N10° at the equator near Nias Island; 47 mm/yr N0° at the triple 
junction point of the Indian, Australian and Sunda plates; to 44 mm/yr N0° at the northernmost tip 
of Sumatra trench (Simons et al., 2007).  
 
 
The earthquake cycle elastic deformation is large within the forearc sliver that lies between the 
Sunda trench and the great Sumatran fault. The magnitude of deformation gradually decreases with 
distance from the subduction trench towards the plate interior. The Indian–Australian plate, one of 
the fastest moving continental plates in the world, comprises elastic shortening within the interior 
of the SU plate up to a distance of several hundred kilometres from the Sunda trench due to the 
strongly locked subduction interface (DeMets et al., 2010). Using earthquake hypocentres, Hayes et 
al. (2012) determined the subducting slab geometry along the Sunda trench as dipping at 16° with a 
53 km deep transition interface between the seismic and aseismic regions. In addition, Hayes et al. 
(2012) estimated the width of the downdip seismogenic zone as approximately 159 km, which 
represents a broad area of seismic source zone on the crust surface. The downdip seismogenic zone 
width is a key factor in two respects: (1) implication for the maximum magnitude of great earthquake 
related to the rupture area, and (2) the potential of earthquake energy release at the subduction zone 
(Hyndman et al., 1997).  
 
 
The Sunda trench is a region rich with great historical earthquakes. The first great earthquake 
reported was on 11th December 1681 and was briefly described as a seaquake (events felt at sea) 
observed at the Mentawai region in the Newcomb and McCann (1987) study. This event, however, is 
not listed in the historical earthquake catalogues, and its magnitude remains ambiguous. Philibosian 
et al. (2017) synthesised the 16th and 17th–century coral microatoll records to investigate the 
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chronology of great paleoseismic earthquakes in the Mentawai segment (i.e. Siberut Island and Pagai 
Island). They identified at least five distinct coseismic vertical offsets in 1597, 1613, 1631, 1658 and 
1703, which were best fitted with great earthquakes of Mw 8.31, Mw 8.28, Mw 8.17, Mw 8.34 and Mw 
8.54, respectively. Philibosian et al. (2014) undertook the same analysis to examine the great 
earthquakes in the 18th and 19th century and were able to resolve another two great earthquakes in 
1797 Mw 8.6–8.8 and 1833 Mw 8.8–8.9. Philibosian et al. (2014) also determined that the more recent 
2007 Bengkulu earthquake (Mw 8.5) released only a fraction of the 1833 rupture zone (Section 4.1). 
Nevertheless, several studies (Newcomb and McCann, 1987; Zachariasen et al., 1999) highlighted 
that the 1861 Mw 8.3–8.5 earthquake in the Nias region shared a similar rupture zone to the 2005 Mw 
8.6 event. The results from cGPS measurements in this study support contemporary strain rate 
accumulation in this region (Section 6.3). 
 
 





Peninsular Malaysia, formerly known as the Malay Peninsula, was colonised by several 
Western powers. The Portuguese came in the early 16th century, then the Dutch came in the mid–18th 
century, followed by the British in the early 19th century, as well as three and a half years of Japanese 
occupation during WW II. The first well-documented survey work was in 1832, when Lieutenant 
Woore of the British Royal Navy made the first attempt at a triangulation survey in Penang. The 
trigonometrical network was then expanded to Perak, Province Wellesley (a.k.a. Seberang Perai), 
Malacca (a.k.a. Melaka) between 1886–1888, with completion of the survey work by the end of 1901 
in Perak, Selangor and Negeri Sembilan. The formation of the Survey Department of the Federated 
Malay States and Straits Settlements (FMS&SS3) back in 1886 played a key role in the trigonometrical 
survey, which laid the foundation of the succeeding geodetic framework, the Malayan Revised 
Triangulation (MRT). The MRT was first introduced in 1948 and was revised in 1968 after the 
inclusion of additional measurements and network readjustment (Mugnier, 2009). In total, this 
network consists of 77-geodetic (zero-order), 240-primary (first-order), 837-secondary (second-
                                                          
3 Before the Malayan declaration of independence on 31st August 1957, FMS&SS was the first British agency that 
performed surveying and mapping of the Malay Peninsula. This FMS&SS was renamed the Department of Survey and 
Mapping Malaysia (DSMM) after the proclamation of Malaysia on 16th September 1963 with the merger of the Temasek 
(now known as Singapore) and northern Borneo (Sabah and Sarawak). 
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order) and 51-tertiary (third-order) stations throughout the Peninsular Malaysia (Abd. Majid et al., 






































































































































































































































Figure 2.3: Malaysian Revised Triangulation network (left) and campaign-based GPS network (right) in 
Peninsular Malaysia (Abd. Majid et al., 2002, Figure 1 and 2).  
  
 
Northern Borneo (Sabah and Sarawak) was ruled by the Brunei and Sulu Sultanate prior to 
British colonisation (mid–18th century) and Japanese occupation (WW II). The first unified northern 
Borneo triangulation network, known as Borneo Triangulation 1968 (BT68), consisted of the Borneo 
West Coast Triangulation of Brunei and Sabah (1930–1942), the Borneo East Coast Triangulation of 
Sarawak, an additional part of West Coast Triangulation of Sabah (1955–1960) and the addition of 
new surveyed points between 1961 and 1968 (Mugnier, 2009). The triangulation network in 
northern Borneo covered the coastal region beginning from the southwest of Sarawak (i.e. Lundu, 
Serikin), and connecting to Brunei in the central region. The network continues northward to Sabah 
and divides in two directions: north-eastward to Kudat and east to Sandakan, starting at Kundasang. 
The network then reconnects at Kinabatangan and finished at the Tawau. The end of the trig network 
is further strengthened by a closed loop at Tenom that connects through Sapulut (Figure 2.4). The 
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DSMM, however, there is no clear information to show that the network has been used in 




Figure 2.4: Borneo Triangulation 1968 network (left) and campaign-based GPS network (right) in Sabah and 
Sarawak (Abd. Majid et al., 2002, Figure 1; JUPEM, 2009, Figure 4).  
 
 
The MRT and BT68 network became redundant with the advent of GPS. In Peninsular Malaysia, 
a campaign-based GPS measuring network consisting of 238 sites (Figure 2.3) was observed in 1993. 
Similarly, GPS campaigns were carried out in northern Borneo (Figure 2.4). These GPS campaign-
based observations, however, have only been used for the determination of transformation 
parameters between the existing geodetic network datums (MRT and BT68) and the WGS84 datum. 
However, the GPS measurements are useful for the estimation of the secular velocity of the Sunda 





Peninsular Malaysia and northern Borneo are contained within the interior Sunda block and 
are often described as tectonically stable with low rates of shallow seismicity and insignificant 
internal deformation (Simons et al., 2007). Even so, there are several regions within the plate interior 
that experience higher levels of localised deformation. For example, intraplate deformation from the 
NW tip of Sabah, Brunei and down to the Baram Delta is significant, with ~10 mm/yr of motion 
relative to the Sunda plate. The origin of this intraplate deformation is still under debate in the 
research community, whereby it was either driven by the crustal shortening (Rangin et al., 1999; 
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2010). Additionally, there is localised land subsidence in places, such as Kuala Krai and Geting 
(Kelantan) over the northeast coast of Peninsular Malaysia (Yong et al., 2018).  
  
 
Geologically, Peninsular Malaysia is characterised into three tectonostratigraphic zones: the 
western belt, the central belt and the eastern belt (Metcalfe, 2013). The collision zone between the 
Sibumasu Terrane (Western belt) and the continental basement of the Sukhothai Arc (Central and 
Eastern belt) are marked by the Bentong–Raub suture zone. It is a 15–20 km wide region that cuts 
through the middle of the peninsula. This suture zone does not appear to be an active fault zone, as 
no known local earthquake activity has ever been measured since the Malaysian seismological 
network was first introduced in 1976 (Low and Saw, 2002). Despite that, low and shallow seismicity 
(<Mw 3.0, at depths of less than 30 km) occasionally occurs, particularly near the Bukit Tinggi fault 
which is located ~30 km from Kuala Lumpur (JMG, 2009; Figure 2.5). After the series of far-field great 
earthquakes (Figure 2.1; Section 4.2), there was a rise in concern that this ancient fault zone may 
potentially be activated (Samsudin et al., 2014).  
 
 
In northern Borneo, there is more active seismicity than in Peninsular Malaysia. Based on the 
USGS catalogue between January 1973 to December 2015, there were 62 low to moderate 
earthquakes (Mw 3.7–6.0) that originated within Sabah (Figure 2.6). The earthquake epicentres were 
concentrated in-land at Lahad Datu–Kunak and Kundasang–Ranau, as well as off-shore along the east 
coast of Sabah. The seismotectonic map of Malaysia (JMG, 2009) shows more than a dozen active fault 
lines within the Sabah hinterland. The 200 km Crocker fault system is among the longest known 
active faults (Raj, 1996). Part of the Crocker fault system was responsible for the recent Mw 6.0 
Sabah–Ranau earthquake on 4th June 2015 (Wang et al., 2017; Figure 2.6), which was the strongest 
recorded earthquake in Northern Borneo since the 1976 Lahad Datu earthquake. To the south, a large 
part of Sarawak to south of the west Baram Line and Tinjar Fault is generally considered a part of the 
stable Sunda plate, with a low level of seismicity (Simons et al., 2007).  
 
 




Figure 2.5: The seismotectonic map of Peninsular Malaysia with the locally recorded seismicity (red stars) by 
the JMG (2009). The red lines indicate the JMG archived fault lines (active/potentially active/inactive).  
 
 
Additional deformation activity, such as the local land subsidence, is commonly found in the 
delta regions, such as Sri Aman and Mukah. The land subsidence is unavoidable in the delta peatlands 
because of soil consolidation and compaction, as well as the loss of peat due to microbial 
decomposition (Hooijer et al., 2015). The vertical land motion has lowered the ground level and has 
therefore increased the regions’ vulnerability to flooding and compromised the stability of man-
made structures. The localised land subsidence is further investigated in the geodetic strain rate 
study in Section 6.3.  
 
 
Bukit Tinggi Fault 




Figure 2.6: The tectonic setting of Sabah including the NW-SE schematic cross-section A–A’ modified from 
Tongkul (2015). The red focal mechanisms indicate earthquakes of Mw 5.0 or greater for the years 1976.0 to 










The tectonic setting of the western margin of the Sunda plate, consisting of the Sunda forearc, 
Sunda backarc and Sunda plate interior, are naturally formed from the convergent process between 
the Indian–Australian oceanic lithospheric slab and the overriding Sunda continental plate. As 
highlighted by previous studies (e.g. Katili, 1974; Sieh and Natawidjaja, 2000; McCaffrey, 2009b), the 
Sumatran subduction interface together with the 1,900 km long Sumatran fault are highly segmented. 
Sieh and Natawidjaja (2000) suggested that there were 19 major segments along the fault ranging in 
length from 65–220 km, which includes several kilometres of step-overs between the segments. Step-
overs limit the potential that an area can slip during a single event, as well as limiting the magnitude 
to Mw 7.5 and below (McCaffrey, 2009b). However, regions that make up the plate interior including 
the Sunda backarc, Peninsular Malaysia and northern Borneo (except the NW tip of Sabah, Brunei 
and Baram) are stable and experience relatively low seismicity.  
 
 
The Sumatran subduction setting has long shown potential for generating >Mw 8 earthquakes. 
The occurrence of great earthquakes in recent decades along the Sunda megathrust and within its 
vicinity is not surprising.  However, it is important to understand each of these earthquake events, as 
they shaped the course of present-day geological progress. Even though the period of geodetic 
measurements in Sundaland region is short compared to a geological time frame, these 










In the Southeast Asia (SEA) region, GPS Continuously Operating Reference Stations (CORS) or 
continuous GPS (cGPS) networks have operated for more than two decades. Since the late 1990’s, 
many countries in the SEA region began to replace their campaign GPS and triangulation networks 
with cGPS networks to create national coordinate reference frameworks. The cGPS measurement 
data has also been used widely by the Earth Science community to research the regional geodynamics 
and earthquakes (Simons et al., 2007; Feng et al., 2015; Mustafar et al., 2017). In seismically complex 
and active regions, such as Sundaland, a sufficiently dense and long-term cGPS network is required 
to measure and interpret its motion and, inter- and intra-plate deformation. At present, most of the 
geodetic data in the Sundaland region is not publicly available and is managed by different 
organisations (i.e. government agencies, research institutes). This chapter will describe the regional 
cGPS network used for analysing the plate motion and deformation of the Sunda plate. The second 
part of the chapter will discuss the fundamental principles, processing and analysis strategies used 
for deriving the GPS time series using Bernese Software (BSW) Version 5.2 (Dach et al., 2015) and 





3.2 Study Area 
 
 
In this study, the cGPS network in the Sundaland region consists of a geodetic network with 
more than 100 permanent sites operated by India (Andaman–Nicobar Island), Indonesia (Sumatra, 
Java and surrounding archipelago), Malaysia (Peninsular Malaysia and northern Borneo), Thailand, 
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the Philippines and Singapore (Figure 3.2 – 3.4). On top of this, a reference network consisting of 44 
International GNSS Services (IGS) sites were chosen to represent the reference frame in ITRF2008 
(Figure 3.1). These fiducial sites are mostly located in geologically stable zones with linear time series 
as discussed in Altamimi et al. (2012, Figure 1). However, there were a few IGS sites located close to 
plate boundaries or seismologically active zones (i.e. COCO, DGAR and GUAM), which were included 
to enhance the network distribution. Three IGS sites, NTUS, PIMO, and CUSV, located within the 




Figure 3.1: The distribution of IGS sites used in this study. 
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3.2.1 Spatial and Temporal Coverage 
 
 
The project used geodetic data provided mainly from six sources: The California Institute of 
Technology (Caltech), Scripps Orbit and Permanent Array Centre (SOPAC), Department of Surveying 
and Mapping Malaysia (DSMM), Indonesian Institute of Sciences (LIPI), National Mapping and 
Resource Information Authority (NAMRIA), and Earth Observatory of Singapore (EOS). The geodetic 
networks were categorised into three groups based on the relative distance from the Sunda trench, 
(1) near-field (less than 250 km), (2) intermediate-field (250–750 km), and (3) far-field (more than 
750 km).  
 
 
The near-field dataset consisted of four available cGPS sites in the Andaman–Nicobar 
Archipelago that are managed by the University NAVSTAR Consortium (UNAVCO) and 46 cGPS 
measurements from the Sumatran GPS Array (SuGAr), which includes the existing Indonesian cGPS 
network (BAKO and SAMP) provided by the Badan Informasi Geospasial (BIG, formally Bakosurtanal; 
Figure 3.2). The SuGAr network is a collaborative project between Caltech, SOPAC, LIPI, and EOS. The 
collaboration designed, constructed, operated and managed the cGPS network following the 2004 
Aceh and 2005 Nias earthquakes. Like many other near-field GPS sites, the measurements at these 
sites detect a variety of signals that are of interest to Earth scientists, such as large magnitude 
coseismic displacements and seismic afterslip. The Paul et al. (2012) study of postseismic 
displacement from four to six years after the 2004 Aceh earthquake used near-field GPS data in the 
Andaman–Nicobar. Their models indicated that the postseismic displacement of this megathrust 
earthquake is still dominating in the near-field GPS displacements. Additionally, viscoelastic 
deformation in the near-field region is also yet to be fully modelled.  
 
 
Unlike the near-field deformation, there are many intermediate and far-field regions in 
Southeast Asia such as Peninsular Malaysia, Sabah and Sarawak. They are relatively unstudied in 
terms of geodynamics and seismological impacts (coseismic and postseismic deformations). The first 
cGPS network in Malaysia, namely, the Malaysian Active GPS System (MASS), was operated and 
established by the DSMM in 1997. In its early years, the MASS data was subjected to a testing phase, 
and the data has a fair quality of the measurement noise level yet is still beneficial for scientific 
studies. After the testing phase, the precision, continuity and consistency of measurements have 
significantly improved. The early data between 1999 and 2004 was included in the definition of the 
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rotation rate of the Sunda plate (Simons et al., 2007). From 2006–2008, the MASS network was 
gradually upgraded and extended from 18 to 78 cGPS sites. It was then renamed the Malaysian Real-
Time Kinematic Network (MyRTKnet; Figure 3.3 and Figure 3.4). However, several of the older MASS 
stations, such as KINA, KTPK, LABU, and UTMJ, have ceased to operate due to urban development in 
the vicinity of the station, monument stability, and some other practical issues (e.g. hardware 




Figure 3.2: Distribution map of the near-field cGPS network in the Andaman–Nicobar archipelago (A) and the 
Sumatra archipelago (B). The red circles indicate the location of regional cGPS sites and the red star indicates 
the IGS station. The red lines represent plate boundaries defined by Bird (2003). Magenta triangles are active 
volcanoes from the Global Volcanism Program, www.volcano.si.edu. The green line in (B) represents the 









Figure 3.3: Distribution map of intermediate-field cGPS network in Peninsular Malaysia. The red circles 
indicate the location of regional cGPS sites and the red star indicates the IGS station (NTUS). 
 
 
There was a large transition gap between late 2004 to early 2007 when the MASS network 
was upgraded to MyRTKnet. Many of the older stations stopped collecting data before the new 
stations were constructed. The new network also experienced technical issues in the early stages, 
such as inconsistent data storage and communication network interruptions, which caused data loss. 
This data gap is considered a significant loss in a geodynamic sense, in which the transient motions 
of the two megathrust earthquakes (2004 Mw 9.0 and 2005 Mw 8.6) were not measured and tracked 
adequately. Fortunately, there were more than two dozen cGPS sites that continued to operate during 
this time period. The overall GPS network data availability, sorted by year, is shown in Table 3.1. A 
complete timeline of data availability for all the GPS sites used in this study is given in Appendix A. 
 




Figure 3.4: Distribution map of the far-field cGPS network in Sabah and Sarawak, Borneo Island. The red circles 
indicate the location of regional cGPS sites.  
 
 





1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 
MyRTKnet 78 - - - - - 27 27 27 71 78 79 78 78 78 78 78 78 
MASS 18 15 15 17 17 18 18 - - - - - - - - - - - 
SuGAr 46 2 2 2 8 8 16 27 31 31 36 32 41 39 40 41 40 26 
pageNET 1 - - - - - - - - - - - 1 1 1 1 1 1 
SUB-
TOTAL 
143 17 17 19 25 26 61 54 58 102 114 111 120 118 119 120 119 108 
Regional 
IGS 
                  
PIMO 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
NTUS 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CUSV 1 - - - - - - - - - 1 1 1 1 1 1 1 1 
SUB-
TOTAL 
146 19 19 21 27 28 63 56 60 104 117 114 123 121 122 123 122 111 
IGS 41 34 34 36 39 40 40 41 41 41 41 41 41 41 40 38 37 36 
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3.3 Data Processing 
 
 
The IGS and regional CORS network GPS observations were uniformly processed using the 
Bernese Software (BSW) Version 5.2 (Dach et al., 2015), a scientific multi-constellation Global 
Navigation Satellite System (GNSS) data processing software. The double-differencing processing 
technique was employed, where differences of the phase observables between two satellites and two 
stations are used to determine the three-dimensional baseline vector between the GPS sites. This 
technique required the generation of inter-site baselines, which were predefined in six clusters and 
took into consideration the baseline length and data availability (in space and time). Inhomogeneous 
data rates were unified in data processing. For instance, most cGPS networks (global and regional) 
record in 30-second intervals, except for the SuGAr network, where the data logging rate is 120-
second intervals. The carrier phase data was processed to generate daily solutions using final orbits 
in the ITRF2008/IGb08 reference frame, constrained to the site position and velocities of a several 
chosen IGS sites (Figure 3.1). The processing utilised the “CO2 repro2” orbital and clock products 
from the Centre of Orbit Determination in Europe (CODE; Rebischung et al., 2016).   
 
 
In low-latitude regions, the SEA countries are exposed to a tropical climate characterised by 
intense sunlight and high annual precipitation (average rainfall of 2000 mm year-round and >70% 
of humidity on average). Musa et al. (2011) shows that the volume of water vapour in low-latitude 
regions has high spatial variability, which increases the challenge of processing GPS data. The global 
mapping function (GMF) was introduced as an a priori tropospheric model in dry and wet 
components (Boehm et al., 2006), and the zenith path delay is estimated at two-hour intervals for 
every site. The estimated site-specific tropospheric parameter in the first attempt is then re-
introduced in the second iteration of double-differencing processing, to obtain a higher precision 
solution. An elevation mask angle of 10˚ was used to avoid the retrieval of the low-latitude total 
tropospheric zenith path delay. The carrier phase ambiguities were fixed using the Quasi-
Ionosphere-Free (QIF) strategy in Bernese Software. The Finite Element Solution 2004 (FES2004) 
ocean loading model from the Onsala Space Observatory was applied in the processing. A further 
update of ocean loading parameters, FES2014b and FES2012, released in February 2017, were not 
used in the processing, since the data processing was completed before the models were publicly 
available. A detailed GPS data processing strategy is listed in Table 3.2.  
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Table 3.2: Parameters setting and models for data processing 
PROCESSING PARAMETERS  PROCESSING STRATEGIES 
Input data Daily 
Processing software Bernese Software Version 5.2 
Processing technique Double-Differencing 
Network design OBS-MAX (the maximum common observations as 
optimisation criterion) 
Elevation cut off angle  10° 
Sampling rate 30–120 seconds 
Orbital and Clock Products 3-day long-arc solution CO2 repro2 products (CODE) 
(1999.0–2013.9); CODE final orbit (2014.0–2015.9)  
Station coordinates Constrained to the ITRF2008 
Absolute antenna phase centre corrections PHASE COD.I08 (Antenna Phase Center Variations file), 
SATELLIT.I08 (Satellite Information file) 
Ocean loading model FES2004 (Lyard et al., 2006) 
Planetary ephemeris DE405 (Development Ephemeris 405)  
Ionosphere Double difference Ionosphere-free (IF) linear 
combination L3 
Ambiguities solution  Fixed, resolved using Quasi-Ionosphere-Free (QIF) 
strategy 
A-priori model wet_GMF model (hydrostatic part) with dry_GMF 
mapping function 





3.4 GPS Time Series Analysis 
 
 
A high-quality GPS position time series is key to capturing reliable geodynamic motion of a 
tectonic plate. To obtain useful deformation signals discernible from the redundant noise in GPS 
position time series (PTS), a MATLAB script developed by Denys et al. (2014) has been used in this 
study to estimate the coseismic displacement, postseismic decay amplitude and the long-term 
velocity (which also refers to the interseismic velocity or secular velocity). The noise sources that are 
in common (orbital and reference frame errors) are eliminated by using a spatial correlation filtering 
technique to remove the common mode error (CME; Wdowinski et al., 1997). Having said that, this 
filtering technique can only be optimised with the following criteria: (1) baseline length: the greater 
the areal extent, the less correlated the common mode error; (2) the number of sites used: the higher 
the number of sites used, the more representative the regional CME; and (3) the number of 
observations of each site: a longer length of time series gives a more decisive signal-to-noise ratio.  
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Both Mao et al. (1999) and Williams et al. (2004) highlighted that white and flicker noise are 
both latitude dependent, and peak in equatorial regions. This is the case for all the regional GPS sites 
on the Sunda plate. In this study, the position time series of the regional IGS (NTUS, PIMO and CUSV), 
SuGAr (Figure 3.2), and MyRTKnet (Figure 3.3 and Figure 3.4) sites are all located in the low latitudes. 
As the sites extend over 3,500 km, it is unlikely that the positioning errors will correlate. In addition, 
the spatial and temporal inhomogeneity of the data availability of cGPS sites (Section 3.2.1) requires 
careful selection of sites in the CME estimation. Hurst et al. (2000) used a regional reference frame 
and daily Helmert transformations to identify any anomalous behaviour within a small network 
(350–450 km). Similarly, Tian and Shen (2016) performed a clustering technique for CME mitigation 
by separating a large network into several smaller networks to improve the correlation for the sparse 
GPS network. In this study, the GPS network is separated into three smaller GPS clusters according 
to the geographical location of the GPS sites (Sumatra, Peninsular Malaysia and northern Borneo) 
and data availability (Table 3.1) to withhold the spatial characteristics at different periods. There are 
17 years of cGPS data from 24 sites (BABH, BAKO, BINT4, GAJA, GMUS, JMBI, KUAL, KUDA, KUKP, 
MIRI, TAWA5, PDIC, PEKN, SAND, SAMP, SBKB, SIB16, TENM, TMBN, UMAS, and UUMK) that were 
used to form the common mode signal that was then removed from the individual time series.   
 
 
The presence of random walk noise is often related to monument construction, whereby the 
amplitude of the random walk is smaller for a monument that is anchored to bedrock compared to 
less stable material (i.e. soil and buildings; Williams et al., 2004). UNAVCO (2008) suggested that the 
drilled, braced type of monument (deep/shallow) gives the best stability (precision) for the 
installation of geodetic monumentation. Under different circumstances, the stability of the geodetic 
monument may not be the only factor to consider. Additional factors may include limited funding, 
urgency, accessibility, site security and the substrate (i.e. building and bedrock). Unlike the 
campaign-based station, all the GPS stations in this study are permanent sites with their own 
dedicated monuments, which minimises the impact of random walk noise on each station (Appendix 
B). Langbein and Johnson (1997) emphasised the importance of random walk noise in GPS sites 
velocity estimation, in which the nominal noise range of 0.5 and 3.0 𝑚𝑚/√𝑦𝑟 are reasonable values, 
depending upon the quality of the geodetic monument. In other words, the monument position 
                                                          
Sites that were relocated, upgraded or replaced by a new site (within a 35 km range) to increase the temporal coverage as 
following: 
4 BINT replaced by BIN1;  
5 TAWA replaced by MTAW; 
6 SIBU replaced by SIB1. 
Chapter 3: 17 years of GPS Time Series Analysis 
32 
 
variability is expected to be between 0.5–3.0 mm from its initial position after one year, 1.5–9.0 mm 
after 9 years, and 2.1–12.4 mm after 17 years. The random walk motion seems to contribute an 
enormous position deviation over time, however, the effect of the random walk motion on GPS 
measurements are still unclear. There are several studies (Langbein and Johnson, 1997; Johnson and 
Agnew, 2000) that show that it is difficult to quantify the behaviour of random walk noise with the 
limited available position time series. Other sources of noise can mask the random walk signal (Zhang 
et al., 1997; Mao et al., 1999; Johnson and Agnes, 2000; Williams et al., 2004; Beavan, 2005). In 
summary, past studies (Zhang et al., 1997; William et al., 2004) generally agree that their GPS time 
series are best fitted by a combination of white noise and flicker noise, rather than a white noise only 
model. Table 3.3 summarises the noise types of GPS position time series that can be characterised by 
a power spectrum. 
 
 
Table 3.3: The spectral index 𝒗 for the typical GPS noises in Gaussian distribution 
 spectral index, 𝑣 
White noise 0 
Flicker noise -1 
Random walk -2 
 
 
The resulting horizontal and vertical components of GPS time series are filtered, and outliers 
are removed simultaneously. Finally, the geophysical signals are estimated by separating the 
individual components. These include the (1) long-term velocity, (2) coseismic displacement, (3) 
postseismic deformation, (4) annual and semi-annual seasonal cycles, and (5) velocity rate 
change. All the site positions are referred to the reference network at current epoch in terms of the 
current reference frame (i.e. ITRF2008) in order to maintain coordinates accuracy. Under normal 
circumstance, the site velocities are linear with the model: 
 
 
𝑋(𝑡𝑖) = 𝑋0 + 𝑣𝑋(𝑡𝑖 − 𝑡0), (3.1) 
 
 
where 𝑋(𝑡𝑖) is the position (metres) at time 𝑡𝑖, 𝑋0 is the reference position (metres) at time 𝑡0, the 
long-term velocity 𝑣𝑋(𝑡𝑖 − 𝑡0), was estimated from the linear regression of the GPS time series, where 
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𝑣 is the site velocity (metres/year) over the period of measurement 𝑡𝑖  (years) from the reference 
time 𝑡0 (years).  
 
 










where ∆𝑂  is the episodic offset (i.e. coseismic displacement; in metres), 𝑚  is the number of 
earthquake events, 𝑡𝑒𝑗  is the time of the earthquake, 𝑡𝑖  is the position solution at epoch 
𝑖 (1, 2, … , 𝑁) to 𝑗 (1, 2, … , 𝑚), and 𝐻 is the Heaviside step function (where 𝐻=0 if 𝑡𝑖 < 𝑡𝑒𝑗; 𝐻=1 if 𝑡𝑖 ≥ 
𝑡𝑒𝑗). The postseismic deformation signal, Δ𝑃, can be modelled as a simple empirical form of either a 
logarithmic, exponential, power law or a combination of the functions (Feigl and Thatcher, 2006):  
 
 
∆𝑃 = ∑ [𝑂𝑗 + 𝐴𝑗 log (
𝑡𝑖 − 𝑡𝑒𝑗
𝜏𝑗






where 𝑂𝑗 is the coseismic displacement (metres), 𝐴𝑗 is the postseismic decay amplitude (metres), 𝑛 
is the number of earthquake events, 𝜏𝑗 is the decay period (years), 𝑡𝑒𝑗 is the time of the earthquake 
(years), and 𝐻  is the Heaviside step function (where 𝐻=0 if 𝑡𝑖  < 𝑡𝑒𝑗 ; 𝐻=1 if 𝑡𝑖  ≥ 𝑡𝑒𝑗 ). The decay 
function used is depends upon the type of deformation, and the data availability (i.e. missing epoch) 
might as well affects the fitting of decay function.  
 
 
The annual and semi-annual seasonal cycles, ∆𝑠 , are estimated at each site with constant 
amplitudes of 𝑎, 𝑏, 𝑐, and 𝑑 for each sinusoidal term:  
 
 
∆𝑠 = 𝑎 sin(2𝜋𝑡𝑖) + 𝑏 cos(2𝜋𝑡𝑖) + 𝑐 sin(4𝜋𝑡𝑖) + 𝑑 cos(4𝜋𝑡𝑖). (3.4) 
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There are other processes that can cause a velocity rate change ∆𝑣, however, the geophysical 
mechanisms are not always clear. Nevertheless, the rate of change can be due to aseismic slip 
processes (Feng et al., 2015), postseismic viscoelastic relaxation (Savage and Svarc, 2009), or 
temporal changes in plate coupling (Prawirodirdjo et al., 2010)  
 
 






We approximate these effects as ∆𝑣 , where 𝑉𝑗  is the velocity offset (metres), 𝑣𝑋𝑗  is the transient 
velocity (metres/year), 𝑡1,𝑗 is the start time, 𝑡2,𝑗 is the end time of the transient event (the end time 
𝑡2,𝑗 may be the end of the time series for the ongoing velocity change), and 𝑝 is the number of velocity 
rate change events.  
 
 
Combining the geophysical processes forms the position time series model with the nominal 




𝑋(𝑡𝑖) = 𝑋0 + 𝑣𝑡𝑖 + ∆𝑂 + ∆𝑃 + ∆𝑠 + ∆𝑣 + 𝐸𝑖 . (3.6) 
 
 
The complete form of the model is given as: 
 
 
           𝑋𝑡𝑖 = 𝑋0 + 𝑣𝑡𝑖 + ∑ 𝑂𝑗𝐻(𝑡𝑖 − 𝑡𝑒𝑗)
𝑚
𝑗=1
                        
+ ∑ [𝑂𝑗 + 𝐴𝑗 log (
𝑡𝑖 − 𝑡𝑒𝑗
𝜏𝑗
)] 𝐻(𝑡𝑖 − 𝑡𝑒𝑗),
𝑛
𝑗=1
                                       
+ 𝑎 sin(2𝜋𝑡𝑖) + 𝑏 cos(2𝜋𝑡𝑖) + 𝑐 sin(4𝜋𝑡𝑖) + 𝑑 cos(4𝜋𝑡𝑖)  
+ ∑ [𝑉𝑗 + 𝑣𝑋𝑗(𝑡1,𝑗 − 𝑡2,𝑗)]
𝑝
𝑗=1
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The position trajectory for more than 150 GPS stations are modelled for each seismic event. 
Approximately 100 stations observed at least one or multiple seismic deformation events. Three 
examples of daily position time series are given in Figures 3.5–3.7, which represent a near-field site, 
mid-field site and a far-field site, respectively. For example, the daily position time series at UMAS 
(Figure 3.5) at the Universiti Malaysia Sarawak (east Malaysia) is a far-field cGPS site (~1,200 km 
from the Sunda trench) has recorded three coseismic displacements with one postseismic signal 
(2004 Mw 9.0 Aceh earthquake). The USMP site is a mid-field site (Figure 3.6) at the Universiti Sains 
Malaysia (west Malaysia; ~620 km from the Sunda trench), one of the longest operating cGPS sites in 
Malaysia. It has recorded one coseismic displacement (2000.128) and four earthquakes with 
postseismic events (2004.984, 2005.236, 2007.696 and 2012.276). Whereas, the near-field daily 
position time series for BSAT (Figure 3.7) in Pagai Island (~85 km away from the Sunda trench) was 
affected by eleven earthquake events, where four of the eleven events included a postseismic signal 
(2002.488, 2005.236, 2007.696, and 2010.814). Note that the estimation of position on the day of an 
earthquake often results in an inaccurate position. The position solution on the earthquake day is 
omitted (for the large earthquakes that cause coseismic displacements only), and the first day after 
the offset is set to the day after the seismic event. On top of that, the equipment changes (i.e. antenna 




Figure 3.5: The position time series for UMAS, a far-field site, which is located at the core of the Sunda plate. 
This station covers the observation period between year 2004.93 and 2015.82. The coseismic displacements 
are shown in magenta (2007.699 and 2012.276). The coseismic displacement associated with postseismic 
deformation is shown in green (2004.984). The blue line shows the modelled trajectory of the station position.  




Figure 3.6: The position time series at USMP, a mid-field site, which is located approximately 620 km from the 
Sunda trench. This station covers the observation period between year 1999.94 and 2016.00. Many MyRTKnet 
stations experienced observation disruption between 2005 and 2007 due to hardware or firmware 
replacement. The coseismic displacement is shown in magenta (2000.128). The coseismic displacements 




Figure 3.7: The position time series at BSAT, a near-field site, which is located approximately 85 km from the 
Sunda trench. This station covers the observation period between the years 2002.35 and 2015.18. The 
coseismic displacements are shown in magenta (2004.984, 2008.150, 2009.285, 2009.745, 2011.170, 2011.351, 
and 2012.276). The coseismic displacements associated with postseismic deformation are shown in green 
(2002.488, 2005.236, 2007.696, and 2010.814). The blue line shows the trajectory of station position with 
removed coseismic displacements for the 2002, 2005, 2007, and 2010 earthquakes. 
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Not all earthquakes necessarily generate postseismic deformation. In some cases, there is only 
coseismic displacement. In this study, three procedures are introduced to model earthquakes. Firstly, 
the coseismic offset term (Equation 3.2) is applied to model an earthquake event that does not have 
a clear postseismic signal. If the step function achieves a model fit that is consistent with the position 
time series scatter, then the earthquake is assumed to only generate a coseismic displacement, 
without postseismic signal. Secondly, a logarithmic decay function (Equation 3.3) is included when 
there is a clear postseismic signal. Thirdly, a second decay function is added to improve the root-
mean-square (RMS) misfit of the time series when one decay function obtained a poor fit. This 
approach is also known as the extended trajectory model (Bevis and Brown, 2014), whereby two 
distinctive decay times and amplitudes are generated by a single earthquake event (Savage and 
Langbein, 2008). Both the second and third methods indicate that the earthquake has generated a 
postseismic signal. This study, however, prefers to use the second approach to model the earthquake 
with postseismic decay rather than the third approach. The reason for this is because a single decay 
function of postseismic deformation is easier to quantify the spatiotemporal pattern of the 
postseismic amplitude (Section 4.2). 
 
 
The postseismic deformation has been modelled using both the exponential and logarithmic 
functions. Postseismic deformation following great earthquake events (≥ Mw 8.0) often result in a 
complex temporal decay, especially for the near-field cGPS sites in the Sunda forearc archipelago. It 
is sometimes difficult to model the postseismic decay with a single decay function. Savage and 
Langbein (2008) suggest that afterslip processes may involve more than one characteristic decay 
period and it may be necessary to use two decay functions to obtain an adequate fit to the position 
time series. In this study, two cases are identified to model the postseismic trajectory: (1) Single 
postseismic decay function for a single event: one postseismic decay function will apply to the 
transient event and the position residuals model fitting is examined. If both the residuals and 
trajectory are fit visually, it will be accepted without further examination; and (2) Multiple 
postseismic decay functions for a single event: when one postseismic decay function fails to achieve 
an adequate fit and a second decay function is added to the model. This agrees with past studies 
(Savage and Langbein, 2008; Feng et al., 2015), in that there is a slight improvement on the RMS of 
the time series, and the two decay functions where the residual fit is better for the first few days of 
the major transient events. Feng et al. (2015) also suggests another case, which includes one decay 
function and a velocity rate change, and may be a suitable postseismic deformation model. However, 
this approach will shorten the estimated postseismic decay time (i.e. from decades to less than a year) 
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compared to using only one or two postseismic decay functions approach for a single event (Feng et 
al., 2015).  
 
 
Finally, the trajectory fitting involves outlier removal in each time series component. The 
outlier rejection processes involve computing the median and interquartile range (IQR) within 
overlapping 10-day time windows and omitting solutions that exceed ±3 × IQR criterion (Beavan, 
2005). The outlier rejection removes 0.2–6.0% (mean 0.9%) of the daily solutions from each position 
time series.  Several near-field stations, for instance the SLBU, SMGY, PBLI, and PPNJ, show a higher 
level of outliers (4–9%) than the rest of the sites. The outlier rejection protocol erroneously identified 
the seismic signals, such as the position solution on the day of earthquake and the following 
aftershocks as outliers. As discussed earlier (Section 3.4), the daily position on the day of the 
earthquakes were omitted before the estimation of the coseismic offset. However, there are several 
lower magnitude earthquakes (Section 4.1) that affect the position precision of the daily solutions 
that were eliminated by the outlier rejection function. Despite that, some GPS sites with low data 
availability (<3 years; i.e. BNOA, BTNG, HNKO, RNGT, JOG2), as well as some sites that may be affected 
by the transient velocity processes (i.e. LHWA, PBAI, PTAG) have been excluded from the long-term 





3.5 Assessment of GPS Data Quality 
 
 
The GPS position time series have been prepared in order to interpret regional tectonic signals 
(Chapter 4 and 6), geodynamic signals (Chapter 5), and inversion for fault locking (Chapter 7). 
Therefore, the noise level in the GPS data should be reduced to a sufficiently low level to produce 
useful geodetic information. Figure 3.8–Figure 3.10 show the distribution of position residuals in the 
east, north, and vertical (up) components from the three sites described in Section 3.4 (Figure 3.5–
Figure 3.7). The position residuals are determined after the removal of the secular velocity 
(detrended), coseismic displacement, postseismic deformation, seasonal variation, and position 
outliers. Each set of the histograms represents the data quality for different network clusters, 
grouped with respect to the distance from the Sunda trench. The horizontal components of residual 
histograms for all the cGPS stations are 2.6–3.3 times more precise than the vertical component.  




Figure 3.5: Histograms of residuals in easting (left), northing (centre) and up (right) components of the UMAS 
site for 3,953 daily position solutions with a 1 mm bin size. The red solid line represents a normal distribution 




Figure 3.6: Histogram of residuals in easting (left), northing (centre) and up (right) components of the USMP 
site for 5,868 daily position solutions with a 1 mm bin size. The red solid line represents a normal distribution 
with standard deviations of ±5.0 mm, ±4.0 mm and ±13.3 mm (east, north and height). 
 
 



























Residual Histogram: UMAS 22716M001    [MYR2SAM]   Date:02-May-2018












































Residual Histogram: USMP              [MYR2SAM]   Date:02-May-2018

















Figure 3.7: Histogram of residuals in easting (left), northing (centre) and up (right) components of the BSAT 
site for 4,689 daily position solutions with a 1 mm bin size. The red solid line represents a normal distribution 





3.6 Summary  
 
 
The background of the SEA GPS networks, data processing strategy and time series analysis 
are covered in this chapter. Seventeen years of continuous GPS measurements from 143 sites, 
spanning 6 countries, were processed homogeneously to avoid systematic variances between the 
network cover the time period. A consistent parameterisation and careful adaption of the modelling 
in GPS data processing led to consistent, quality solutions that will be used for investigating present-
day deformation of the Sunda plate. This study has used data from as many regional GPS sites as 
possible in order to perform a systematic geodetic data processing for the Sunda region.  
 
 
Random walk noise is emphasised in several studies (Langbein and Johnson, 1997; Beavan, 
2005), where the nominal amplitude of this noise can contribute an enormous deviation on the vector 
derivation through time. The noise in the 17-year GPS time series was regionally filtered (Section 
3.4), and therefore, is expected to be dominated by the noise of a lower spectral index (spectral index 


































Residual Histogram: BSAT              [MYR2SAM]   Date:02-May-2018
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between 0 and –1) instead of the random walk noise (spectral index = –2; Beavan, 2005). The low 
spectral index biases, both the flicker and white noise amplitude, are assumed to be removed in the 
regional filtering process. However, a noise with higher temporal correlation is very likely to 
dominate in the decade long time series, making it difficult to differentiate between the time 
correlated noise and long-term velocity variations from transient events (such as postseismic 
deformation; Beavan, 2005; Hackl, 2012). This study did not explicitly investigate the relationship 
between the random walk noise and monument stability, however, some of the outstanding residuals 
may be associated with unstable monumentation.  
 
  






The Sunda megathrust is a well-known subduction zone with a long history of great 
earthquakes and an associated high potential for generating destructive seismological events. This 
trench has been investigated by Earthquakes scientists for a long time and is known to be one of the 
best places to study the earthquake processes of a subduction megathrust. The trench was put in the 
world’s spotlight following 26th December 2004, when the Mw 9.0 giant earthquake struck off the 
coast of Aceh, along with a killer tsunami that took more than 200,000 lives. Another thrust 
earthquake with Mw 8.6 ruptured three months later off the coast of Nias–Simeulue, approximately 
350 km south of the previous event. This active seismic period continued further south, 
approximately 130 km SW of Bengkulu, where an Mw 8.5 earthquake, followed by two massive 
aftershocks of Mw 7.9 and 7.0 occurred within a 15-hour period on the 12th–13th September 2007. 
The 11th April 2012 Mw 8.6 and 8.2 earthquakes, one of the largest strike-slip intraplate earthquake 
of its kind, was triggered within the diffuse boundary of the Indian and Australian plates. In addition, 
there were several large earthquake events, for example, the 30th September 2009 Mw 7.6 Padang 
and the 25th October 2010 Mw 7.8 Pagai earthquakes (Figure 4.1) that created smaller crustal 
deformation than the great earthquakes (M8.0 and greater) but were significant on a local scale 
(Section 4.2.5).  
 
 
This sequence of great earthquake events has been extensively studied over the past decade. 
However, most of the past studies (Subarya et al., 2006; Gahalaut et al., 2008; Feng et al., 2015) mainly 
focused on a specific earthquake event, and those along the edge of the Sundaland western margin. 
 
Chapter 4  
 
The Impact of the Great Earthquakes on 
the Sunda Plate 
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The impact of these earthquakes on the plate interior region (i.e. Peninsular Malaysia, Borneo Island) 
is relatively understudied (Section 2.3). In this chapter, the impact of the great earthquake on the 
Sunda plate is examined using 17 years of GPS position time series, determined from 143 cGPS sites 
(Section 3.4). The coseismic displacements and postseismic amplitude of the seismic events 
mentioned above are analysed and quantified. The study presents new insight into the impact of 
great earthquakes over two decades on the Sunda plate, using better spatial and temporal resolution 




Figure 4.1: Topographic map of Sumatra and the surrounding archipelago (top). The focal mechanisms are 
sourced from the gCMT Catalogue (Ekström et al., 2012). The labelled coloured outlines indicate the rupture 
zone of large historic and recent ruptures on the Sunda megathrust, modified from Briggs et al. (2006), 
Hurukawa et al. (2014) and Feng et al. (2015). Abbreviation: WAF = West Andaman fault; BF = Batee fault; SFS 
= Sumatra fault system; MFS = Mentawai fault system from Coffin et al. (1998) and McCaffrey (2009b). SUT = 
Sunda trench; IN–AU = Indian–Australian plate; BU = Burma block; SU = Sunda plate. 1797 ~M 8.7; 1833 ~M 
8.9; 1861 ~M 8.5 1935, ~Mw 7.7 2000, Mw 7.9 and 2002 Mw 7.3.  
 
 




4.2 Insights into Great Earthquakes from cGPS Measurements 
 
 
Geodetic techniques, particularly those using cGPS measurements, have long been used to 
study earthquake transient motions (pre-, co- and post-seismic deformation). These measurements 
are often utilised to understand the implication behind the tectonic and seismic signals. Three-
dimensional cGPS positions at millimetre-level precision, with respect to a reference frame (i.e. 
International Terrestrial Reference Frame, ITRF), is now achievable, with the progressively 
improving ephemeris products (Steigenberger et al., 2014), the enhanced global reference frame 
(Altamimi et al., 2016), and processing, analysing and modelling techniques (Dach et al., 2015). 
Continuous GPS sites precisely measure the ground surface motion based on: (1) low-rate position 
solutions (daily, weekly, fortnightly, and monthly) that are suitable for geodynamic purposes (i.e. 
earthquake offset, secular motion, slow slip events and interseismic velocity), which is less 
dependent upon the temporal resolution, and (2) high-rate position solutions (1 Hz and above) 
suitable for seismological purposes (i.e. earthquakes, tsunamis and volcanic eruption) that require 
high temporal resolution (Larson, 2009). This chapter focuses only on (1) in order to better 
understand the series of great earthquakes between 1999 and 2015.  
 
 
A great earthquake event typically results in coseismic displacements that are often followed 
by postseismic deformation (Paul et al., 2014). This process is often described in three different states: 
(1) aseismic slip in a stable steady state sliding over the patch within, or down-dip, of the coseismic 
rupture plane (Tse and Rice, 1986); (2) viscoelastic relaxation in the mantle (layer with ductile 
behaviour; Rundle, 1978); and (3) poroelastic deformation (Jónsson et al., 2003). These three 
processes are inherent in the postseismic signals following a rupture. In order to monitor the 
postseismic signal, continuous GPS measurement is a key method in effectively and efficiently 
recording transient deformation rather than campaign-based GPS measurements that are unable to 
track these signals due to insufficient temporal resolution.  
 
 
The cGPS position time series reveal displacements due to four great earthquakes (2004 Mw 
9.0 Aceh earthquake, 2005 Mw 8.6 Nias earthquake, 2007 Mw 8.5 Bengkulu earthquake, and 2012 Mw 
8.6 Wharton Basin earthquake), and 13 large earthquake events (7.0 ≤ Mw ≤ 7.9). In addition to these 
events, the cGPS network also detected coseismic displacements from more than two dozen 
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moderate earthquakes (6.0 ≤ Mw ≤ 6.9)7 that had less seismological impact. Table 4.1 summarises 
earthquakes recorded by the regional cGPS network. The coseismic and postseismic deformation for 
the great and large events (≥ Mw 7.5) are reviewed chronologically. Subsequently, all the coseismic 
displacements and postseismic deformation, as listed in Table 4.1, were modelled in the derivation 
of the long-term velocity field (Chapter 5).  
 
 
4.2.1 2004 Mw 9.0 Aceh Earthquake 
 
 
The 26th December 2004 Mw 9.0 Aceh earthquake (a.k.a. the giant Sumatra–Andaman 
earthquake) was the first magnitude 9.0 giant earthquake to be captured by modern space-based 
geodetic techniques (followed by the 2011 Tohoku–Oki earthquake). The earthquake slipped along 
an approximately 1,300–1,500 kilometres long and 100–200 km wide rupture zone in the Sunda 
forearc that started off the coast SW of Aceh, ~2.0°N and finished off the south coast of Myanmar, 
~15°N (Shearer and Bürgmann, 2010). The whole rupture process took approximately 8–10 min, 
and coseismic displacements of more than 1 mm were observed at GPS sites up to 7,800 km away 
from the epicentre (Kreemer et al., 2006a, Tregoning et al., 2013). Due to the great size, rupture 
length, and devastating impact of the earthquake, there has been much attention from the earth 
science community to learn from this earthquake. Various data types have been used to investigate 
the slip distribution of the rupture using: (1) seismic waveforms (Ammon et al., 2005; Ishii et al., 
2005; Lay et al., 2005; Tsai et al., 2005); (2) geodetically observed coseismic displacements (Banerjee 
et al., 2005; Vigny et al., 2005; Subarya et al., 2006; Kreemer et al., 2006a; Wiseman et al., 2015); (3) 
combination of seismic and geodetic (GPS) data (Chlieh et al., 2007; Shearer and Bürgmann, 2010); 
and (4) combined geodetic (satellite imagery) and ground observations (emerged and submerged of 
coral reefs and microatolls; Meltzner et al., 2006). By combining the available continuous GPS 
measurements in the Sundaland region, this study can analyse the coseismic displacements of this 
earthquake, as well as study the spatial and temporal terms of the postseismic deformation that 
occurred after the earthquake.  
                                                          
7 Earthquake magnitude classes are classified in categories ranging from small to giant as defined as follows: 
Class Magnitude 
Giant 9 or more 
Great 8.0 – 8.9 
Large 7.0 – 7.9 
Moderate 5.0 – 6.9 
Small 4.9 or less 
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Table 4.1: List of earthquakes detected by the cGPS network in chronological order 
 
 
No. Date Time (UTC) Lat. (N) Lon. (E) Depth Mw MT 
1 1999-11-15 05:42:52.0 -1.21 88.89 15.0 6.9  
2 2000-06-04 16:28:46.5 -4.73 101.94 43.9 7.8  
3 2000-06-18 14:44:27.6 -13.47 97.17 15.0 7.9  
4 2001-02-13 19:28:45.1 -5.40 102.36 21.2 7.3  
5 2002-11-02 
01:26:25.9 2.65 95.99 23.0 7.2  
09:46:44.0 2.89 96.05 27.0 6.3  
6 2004-12-26 
01:01:09.0 3.09 94.26 28.6 9.0  
09:20:11.4 8.58 92,45 12,0 6.6  
10:18:14.6 8.91 94.11 33.3 6.3  
10:19:34.6 13.59 92.63 26.6 6.3  
11:05:05.8 13.49 92.84 14.0 6.2  
15:06:36.8 3.47 94.17 12.0 6.0  
19:19:59.9 2.59 94.04 12.0 6.1  
7 2005-02-26 12:56:58.1 2.80 95.40 12.0 6.7  
8 2005-03-28 16:10:31.5 1.67 97.07 25.8 8.6  
9 2005-04-10 
10:29:17.8 -1.68 99.54 12.0 6.7  
11:14:24.0 -1.77 99.64 15.0 6.5  
17:24:39.8 -1.66 99.58 17.0 6.1  
10 2005-05-14 05:05:24.6 0.42 98.24 39.0 6.7  
11 2005-07-05 01:52:06.3 1.56 96.93 16.0 6.6  
12 2006-05-16 15:28:31.2 0.01 96.98 13.5 6.8  
13 2006-07-27 11:16:44.5 1.66 97.01 15.0 6.3  
14 2006-08-11 20:54:17.3 2.10 96.18 20.6 6.2  
15 2007-03-06 03:49:44.6 -0.65 100.53 20.9 6.4  
16 2007-04-07 09:51:54.4 2.74 95.48 12.0 6.1  
17 
2007-09-12 
11:11:15.6 -3.78 100.99 24.4 8.5  
23:49:35.3 -2.46 100.13 43.1 7.9  
2007-09-13 03:35:36.9 -2.31 99.39 17.0 7.0  
No. Date Time (UTC) Lat. (N) Lon. (E) Depth Mw MT 
18 2007-09-29 05:37:08.8 2.71 95.39 15.0 6.0  
19 2008-01-22 17:15:01.8 0.87 97.18 23.0 6.2  




08:36:42.4 -2.66 99.95 14.4 7.2  
18:06:08.5 -2.58 99.73 15.0 6.6  
21:02:23.0 -2.46 99.70 17.0 6.7  
22 2009-04-15 20:01:37.9 -3.40 100.16 15.0 6.3  
23 2009-08-16 07:38:28.6 -1.56 99.45 12.0 6.7  
24 2009-09-30 10:16:17.4 -0.79 99.67 77.8 7.6  
25 2010-04-06 22:15:19.1 2.07 96.74 17.6 7.8  
26 2010-05-09 05:59:51.4 3.36 95.78 37.2 7.2  
27 2010-05-31 19:51:49.9 11.16 93.70 127.9 6.5  
28 2010-06-12 19:27:00.4 7.85 91.65 33.1 7.5  
29 2010-10-25 
14:42:59.8 -3.71 99.32 12.0 7.8  
19:37:37.8 -3.37 99.97 22.6 6.3  
30 2011-01-17 19:20:59.9 -5.37 102.45 35.4 6.0  
31 2011-08-22 20:12:23.8 -6.68 103.93 30.9 6.1  
32 2012-04-11 
08:39:31.4 2.35 92.82 45.6 8.6  
10:43:38.2 0.90 92.31 54.7 8.2  
33 2012-04-15 05:57:42.6 2.49 90.31 33.0 6.3  
34 2013-06-13 16:47:31.9 -10.15 107.37 12.6 6.6  
35 2015-06-04 23:15:46.6 6.17 116.65 12.3 6.0  
Note: The earthquake information and the moment tensor were referred to the 
gCMT (globalcmt.org/). The displacement of the aftershock may also be embedded 
in the primary earthquake. To simplify the data, this list omits aftershocks with a 
magnitude lower than 6 and longer than 24 hours following the primary shock. 
Abbreviations: No. – event number; Lat. – latitude (decimal degree); Lon. – 
longitude (decimal degree); Mw – moment magnitude; MT – moment tensor. 
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Table 4.2 lists the coseismic displacements and postseismic amplitudes at cGPS sites due to of 
the Aceh earthquake, which have been determined in this study. Figure 4.2 illustrates the coseismic 
displacements (Table 4.2) as well as the published offsets from Subarya et al. (2006), Banerjee et al. 
(2007) and Feng et al. (2015). The GPS network that was operating at the time of the earthquake was 
comprised of 28 cGPS sites of Subarya et al. (2006), 52 cGPS sites and 11 campaign-based sites (sGPS) 
of Banerjee et al. (2007), and 12 cGPS sites of Feng et al. (2015). This study included 51 cGPS sites in 
Malaysia (35), Indonesia (15) and Singapore (1); 43 out of 51 cGPS sites are in common with the sites 
used in past studies and the remaining sites are used for the first time. The offsets for these sites have 
been re-estimated here. The displacement pattern of the new estimates of coseismic horizontal offset 
is similar to that of the published offsets. As shown in Figure 4.2, the direction of most of the coseismic 
displacements is towards the trench or towards the earthquake epicentre. 
  
 
All 31 cGPS sites in Peninsular Malaysia were displaced towards the earthquake epicentre. The 
largest recorded horizontal displacement was ~17 cm at LGKW, gradually decreasing to ~2 cm at 
TGPG, and ~15 cm displacement was observed at KUAL (Figure 4.2). The smooth pattern of 
displacement may be explained by the fact that Peninsular Malaysia is in the far field of the 
earthquake. The Andaman–Nicobar Islands of the Burma plate is where the maximum slip for this 
event occurred. Some of the GPS sites (Figure 4.2, in orange) are located approximately 50 km from 
the epicentre (Subarya et al., 2006). The displacement at the GPS sites on Andaman–Nicobar Island is 
determined from the campaign-based measurements. Therefore, due to the time periods between 
campaign measurements, they are likely to contain post-seismic deformation, combined with the 
coseismic displacements. Thus, they cannot be interpreted (totally) as the coseismic displacement 
(Subarya et al., 2006).  
 
 
The Batu and Mentawai Islands show a different direction of coseismic displacement, compared 
to the rest of the region, with displacement trending southeast away from the epicentre. The 
magnitude of the coseismic displacement is noticeable, but small, even though some of these stations 
are located close to the Malaysian sites. PSMK, one of the closest sites to the earthquake epicentre, is 
displaced by 19.1 mm, with decreasing displacement to 2.7 mm at PRKB. Feng et al. (2015) described 
that the southeast motion at these islands is due to the cGPS sites being along-strike of the rupture. 
Despite the scale of the 2004 rupture, the insignificant displacement in the Batu and Mentawai isles 
may be indicating this area was not involved in the 2004 rupture (Sieh and Natawidjaja, 2000; 
McCaffrey, 2009b).  
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Coseismic displacements (mm) Postseismic decay amplitudes (mm) τ (dec 
yr) E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 
Sumatra and Java 
ABGS 655 -0.52 0.62 0.06 0.54 -7.01 2.08 - - - - - - - 
BAKO 1,757 -1.31 0.48 3.35 0.40 -1.47 1.42 6.82 1.03 -25.03 0.85 -3.78 3.04 0.765 
BSAT 958 5.62 0.41 -0.88 0.35 -9.15 1.39 - - - - - - - 
JMBI 1,157 -19.64 0.78 -1.90 0.58 -4.05 2.39 12.79 0.33 5.00 0.24 -3.59 1.02 0.116 
LNNG 972 0.50 0.67 1.58 0.53 -10.08 2.11 3.93 0.80 -0.76 0.63 -0.03 2.51 0.116 
MKMK 987 3.35 0.33 0.63 0.29 -10.18 1.06 - - - - - - - 
MSAI 729 7.36 0.33 -3.53 0.26 -6.96 1.07 - - - - - - - 
NGNG 778 5.09 0.42 -2.27 0.34 -11.26 1.54 - - - - - - - 
PBAI 590 5.81 0.40 -8.37 0.31 -7.51 1.35 - - - - - - - 
PRKB 959 2.00 0.47 -1.92 0.38 -13.86 1.58 - - - - - - - 
PSKI 826 0.97 0.31 -1.07 0.25 -5.41 1.06 - - - - - - - 
PSMK 536 12.25 0.43 -14.77 0.44 -7.66 1.36 - - - - - - - 
PTLO 570 6.93 0.40 -8.38 0.33 -10.44 1.31 - - - - - - - 
SAMP 500 -142.87 0.63 -10.22 0.57 -9.50 2.16 -16.07 0.57 -3.95 0.53 12.91 1.97 0.057 
SLBU 911 12.21 0.89 3.49 0.59 -1.96 1.71 - - - - - - - 
Peninsular Malaysia 
ARAU 766 -148.98 0.81 -29.31 0.65 4.51 2.71 -80.17 1.66 -19.39 1.32 -1.96 5.52 0.500 
BABH 731 -124.85 0.94 -13.01 0.54 0.51 2.03 -50.91 1.70 17.37 1.43 8.66 5.43 0.521 
BANT 813 -45.41 0.55 8.00 0.48 -7.33 1.84 -13.20 0.92 2.62 0.81 -3.42 3.13 0.248 
BEHR 813 -56.35 0.87 8.00 0.58 -9.90 2.41 -65.36 0.53 -21.29 0.35 11.35 1.47 0.415 
BKPL 709 -137.99 0.84 -16.57 0.71 5.44 2.92 -54.22 2.17 0.09 1.82 -12.35 7.46 0.315 
GETI 940 -207.63 0.48 -48.13 0.43 -0.89 1.53 - - - - - - - 
GMUS 881 -78.37 0.59 0.94 0.52 -4.49 2.11 -34.62 2.07 16.36 1.81 7.04 7.51 0.659 
GRIK 809 -108.19 0.56 -9.38 0.52 -1.48 2.01 -62.18 1.84 15.15 1.70 -3.83 6.61 0.581 
JHJY 1,078 -21.21 1.86 7.25 1.66 -7.22 6.06 - - - - - - - 
JUIP 779 -90.79 0.65 -0.54 0.56 0.00 2.21 -25.46 1.14 3.36 0.98 1.13 3.90 0.229 
JUML 897 -30.81 0.43 7.11 0.40 -3.77 1.60 - - - - - - - 
KKBH 826 -59.96 0.77 4.45 0.66 -6.59 2.61 -14.13 1.29 4.16 1.13 10.71 4.39 0.210 
KLAW 870 -44.67 0.51 5.89 0.43 -1.13 1.81 -10.71 0.89 13.44 0.75 -6.97 3.19 0.334 
KLUG 1,016 -26.96 1.80 8.76 1.64 -6.28 6.64 - - - - - - - 
KTPK 832 -52.02 1.43 5.98 1.13 -3.58 5.08 - - - - - - - 
KUAL 1,019 -149.88 1.46 -22.22 0.24 8.70 0.97 - - - - - - - 
KUAN 1,016 -44.31 0.84 5.21 0.67 -0.53 2.98 - - - - - - - 
KUKP 1,043 -19.27 0.40 6.92 0.35 -7.77 1.46 - - - - - - - 
LGKW 718 -164.03 0.84 -37.25 0.77 3.33 2.60 -21.92 0.40 -2.20 0.41 -1.11 1.39 0.034 
MERS 1,069 -26.62 0.59 5.30 0.54 -5.91 2.10 -2.85 0.43 3.57 0.41 -0.68 1.60 0.068 
MERU 797 -49.69 0.81 3.47 0.78 -0.80 2.37 -7.12 0.43 4.96 0.41 -5.61 1.24 0.036 
PEKN 1,019 -39.14 0.52 6.02 0.44 -7.47 1.85 -4.87 0.39 2.36 0.32 1.48 1.39 0.068 
PUPK 713 -93.92 0.65 0.97 0.67 -0.64 1.87 -15.17 0.56 2.78 0.58 0.62 1.62 0.108 
RTPJ 918 -94.08 0.88 -6.72 0.90 2.77 3.30 - - - - - - - 
SELM 754 -114.28 0.64 -9.79 0.57 0.53 2.40 -14.83 0.47 1.60 0.42 -0.65 1.79 0.060 
SGPT 749 -130.23 0.67 -16.92 0.60 -0.57 2.22 -20.79 0.53 0.53 0.48 1.48 1.80 0.079 
TGPG 1,115 -20.35 1.89 9.67 2.26 -6.72 5.72 - - - - - - - 
UPMS 833 -46.81 0.58 7.43 0.48 -9.03 1.90 -6.67 0.65 2.76 0.53 4.89 2.14 0.133 
USMP 719 -144.75 1.18 -15.83 0.64 2.06 2.26 -21.92 0.40 -2.20 0.41 -1.11 1.39 0.034 
UTMJ 1,060 -22.43 0.85 8.01 0.88 -7.49 2.85 - - - - - - - 
UUMK 789 -136.75 0.76 -25.73 0.67 6.01 2.43 -17.74 0.43 -0.68 0.38 -4.08 1.39 0.038 
Northern Borneo (Sabah and Sarawak) 
BINT 2,093 -6.96 0.84 2.41 1.19 -7.97 2.88 - - - - - - - 
LABU 2,345 -8.16 0.76 -0.06 0.82 -6.53 2.46 - - - - - - - 
SAND 2,668 -12.34 0.29 14.50 0.23 -29.17 0.81 - - - - - - - 
UMAS 1,810 -8.39 0.56 0.63 0.47 -0.21 1.81 -1.51 0.08 0.92 0.07 -0.73 0.28 0.016 
Singapore 
NTUS 1,069 -19.20 1.48 8.77 1.03 -8.19 3.76 - - - - - - - 
Note: Dist – Approximate distance between the GPS site and epicentre; E – easting component; N – northing component; U 















Figure 4.2: The coseismic displacements of the 2004 Mw 9.0 Aceh earthquake from the vectors represent this 
study (green), Subarya et al. (2006) (S, orange and yellow), Banerjee et al. (2007) (B, maroon) and Feng et al. 
(2015) (F, red). Two different horizontal scales are used to represent the coseismic displacements. The figure 
illustrates the error ellipses (1σ confidence interval) and vertical offsets (this study), subsidence (blue) and 
uplift (red). Abbreviations: Hz – Horizontal offset; Vt – Vertical offset.  
 
 
The vertical deformation associated with the 2004 rupture has also been estimated using cGPS 
measurements from this study (Figure 4.2). Bilham et al. (2005) used uplifted coral reefs to estimate 
large scale of vertical displacements of 15–23 m and 5–10 m at the Nicobar and Andaman segments 
of the rupture, respectively. However, their analysis was hindered, because no correction was applied 
Chapter 4: The Impact of the Great Earthquakes on the Sunda Plate 
50 
 
for tidal cycle when the coral uplift estimates were made. Meltzner et al. (2006) assessed satellite 
imagery and in-situ ground observations (emerged and submerged of coral reefs and microatolls) to 
give a more precise estimation of the vertical offset. They reported that the 2004 rupture caused uplift 
extending for ~1,600 km, starting from the middle of Simeulue Island (~2.5°N) to Preparis Island 
(~14.9°N), with a maximum uplift of ~1.5 m. Subsidence is also reported in the southern and eastern 
portion of the Andaman Islands, the Nicobar Islands and the west coast of Aceh province, with a 
maximum subsidence of ~0.7 m. Further south, the vertical estimates from this study found a similar 
vertical deformation pattern to Feng et al. (2015), where the Batu and Mentawai Islands subsided by 
~1–14 mm. The subsidence extended to the southern region of Peninsular Malaysia, where 21 cGPS 
sites subsided by 5–10 mm. The central Malaysian peninsula (3.8–5.2°N) was largely unaffected by 
any vertical-movement, and any changes were barely noticeable (<5 mm). Towards the northern 
region of Peninsular Malaysia, the coseismic uplift was estimated in the range of 2–8 mm at 9 cGPS 
sites (Figure 4.2). The deformation magnitude and pattern are likely dependent on the mantle 
rheology and the elastic properties of the Sunda plate (Wiseman et al., 2015).  
 
 
The transient postseismic deformation following the 2004 rupture has a distinctive GPS time 
series signal that is particularly noticeable for the stations comprising the central core of the Sunda 
plate. There are 23 stations, distributed mainly on the west coast of Peninsular Malaysia, where the 
fit of the time series is poor, using only the Heaviside step function, suggesting the presence of 
postseismic deformation. A decay function is used to fit the postseismic signal; the logarithmic 
function achieved a better fit and a lower root-mean-square deviation (RMSD) than the exponential 
function and power–law function (Section 3.5). The cGPS sites in the north-west of Peninsular 
Malaysia (i.e. ARAU, UUMK, BABH) experienced postseismic amplitudes, between 2 to 8 cm, 
accumulated six months after the event. Figure 4.3 shows the postseismic amplitude with site-specific 
logarithmic decay period (Table 4.2). Between the central and southern part of the peninsula (0.5–
3.5°N), the magnitude of the postseismic amplitude is barely noticeable with an average of 1.2 cm ± 
1.1 mm (1σ confidence interval) after 2 months (Table 4.2). Across the Malacca Strait, SAMP indicates 
a consistent pattern of postseismic decay with the central region of Peninsular Malaysia (Figure 4.3). 
In contrast, the Batu and Mentawai Islands, which are located closer to the epicentre, show no 
evidence of postseismic deformation (Figure 4.3). This is similar to the conclusion obtained by 
Subarya et al. (2006) and Feng et al. (2015). To the north, the Paul et al. (2012) best fit model shows 
that the postseismic relaxation processes in the Andaman region is still ongoing, with an 
approximately 50 cm/yr displacement rate at depths down-dip of the coseismic patch.  




Figure 4.3: The postseismic amplitude (cyan-headed arrow) associated with the error ellipse in 1σ confidence 
interval for the 2004 Aceh earthquake. The coseismic vector (green arrow) is the same as in Figure 4.2. The 
postseismic decay period, τ, was determined for each station to obtain the best logarithmic fit (Table 4.2).  The 
red dots represent active cGPS sites during the event.  
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4.2.2 2005 Mw 8.6 Nias–Simeulue Earthquake 
 
 
The 2005 Mw 8.6 Nias–Simeulue earthquake struck south of, and approximately three months 
following, the devastating 2004 tsunamigenic Aceh Mw 9.0 earthquake. Several cGPS sites, which were 
installed to observe the postseismic deformation of the 2004 rupture, unexpectedly captured the 
2005 Nias earthquake event. Furthermore, the subduction earthquake epicentre was remarkably 
close to the newly installed cGPS network. Since the subduction earthquake occurred offshore and is 
generally inaccessible to near-field observation, these islands geodetic measurements are unique and 
have high research value for studying earthquake processes in this subduction region. Even so, the 
near-field cGPS are sparsely distributed compared to the intermediate- and far-field cGPS. Briggs et 
al. (2006) included additional sGPS measurements and in-situ direct measurements of coral 
microatoll uplift that were used to densify the near-field observations. However, as they highlighted, 
the time gap between the campaign-mode measurements leads to ambiguous transient signals, which 
makes it difficult to separate co- and postseismic deformation. Hence, the far-field cGPS sites in this 
study is still important to include in the elastic dislocation model (Chapter 7).   
 
 
The GPS network(s) that were operating at the time of the 2005 rupture comprised 18 SuGAr 
sites, 24 MyRTKnet sites and 1 regional IGS site (Figure 4.4). A summary of coseismic displacements 
at all the operating geodetic stations is listed in Table 4.3. All the operating geodetic stations detected 
a clear coseismic displacement and recorded deformation up to ~800 km from the epicentre. 
Eighteen geodetic sites used in this study are common to the previous studies (Kreemer et al., 2006b; 
Konca et al., 2007; Feng et al., 2015), where the new estimates agree well with the published results. 
Two geodetic sites in the north of Nias Island and the south of Simeulue Island, LHWA and BSIM, 
recorded the largest horizontal offsets of ~4.5 m and ~2.4 m. According to Briggs et al. (2006), this 
rupture involved an approximately 400 km long segment with two main patches close to LHWA and 
BSIM, resulting in maximum slip of 11 m and 8 m, respectively. Overall, the cGPS sites located on the 
Sunda plate (Peninsular Malaysia) and Sunda back-arc (ABGS, LNNG, MKMK, PSKI, and UMLH) 
exhibited a coseismic displacement of ~1.5 cm to ~22.4 cm, moved towards the rupture zone (Figure 
4.4). In contrast, the coseismic displacements of the cGPS sites on the Simuk Island (PSMK), Batu 
Islands (PBAI and PTLO), Siberut Island (MSAI and NGNG) and Pagai Island (BSAT, PRKB and SLBU) 
were directed towards the SW and SE. It is plausible that the Mentawai fault located between the 
Sunda trench and the Sumatran fault system (Sieh and Natawidjaja, 2000) could have been involved 
in the coseismic slip during the 2005 rupture. Wiseman et al. (2011) reported the resurgence of 
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seismic activity, started with the 2005 Nias earthquake sequence, which may be evidence that the 
Mentawai fault slipped in the earthquake.  
 
 
Figure 4.4: The coseismic displacements of the 2005 Mw 8.6 Nias–Simeulue earthquake. The plotted vectors 
are the coseismic displacements from this study with two different scales (red-headed and green-headed), 
Konca et al. (2007) (K, orange and yellow) and Feng et al. (2015) (F, cyan and red). The observed vertical 
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Coseismic displacements (mm) Postseismic decay amplitudes (mm) τ (dec 
yr) E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 
Andaman, Sumatra and Java 
ABGS 304 -48.07 1.23 -15.30 1.07 -8.17 4.15 -5.29 0.37 -1.73 0.32 -6.03 1.26 0.015 
BAKO 1,415 1.79 0.79 -0.75 0.66 -5.52 2.35 -1.59 0.49 7.03 0.41 3.45 1.47 0.064 
BITI 105 - - - - - - -195.18 1.19 -157.28 0.99 51.00 4.17 2.289 
BSAT 367 -0.67 0.49 -5.06 0.42 1.07 1.66 6.64 0.26 2.24 0.22 -4.60 0.87 0.169 
BSIM 116 -1826.55 1.06 -1546.96 0.83 1606.02 2.93 -58.71 0.73 -61.82 0.57 -9.82 1.96 0.032 
BTHL 141 - - - - - - -95.21 0.80 -79.87 0.65 36.63 2.82 0.654 
HAV2 1,237 - - - - - - -75.13 0.56 -65.83 0.47 75.06 2.07 0.974 
HUTB 1,113 - - - - - - -59.13 0.60 6.84 0.45 -2.28 2.08 0.572 
LEWK 198 -153.61 0.99 67.81 0.81 8.97 3.01 -119.53 0.49 -113.06 0.38 23.52 1.48 0.279 
LHWA 32 -3055.97 0.98 -3276.10 1.06 2908.85 3.10 -110.18 0.39 -155.91 0.41 -42.96 1.23 0.012 
LNNG 632 -1.43 0.56 -6.07 0.45 -0.85 1.77 6.20 1.09 7.19 0.87 -17.02 3.45 0.595 
MKMK 647 -0.36 0.36 -6.43 0.31 3.32 1.15 9.55 0.26 2.85 0.22 -10.99 0.81 0.190 
MLKN 971 - - - - - - -1.57 0.18 -5.66 0.16 3.20 0.65 0.069 
MSAI 402 14.95 0.54 -9.73 0.42 -6.18 1.75 5.19 0.16 -1.14 0.12 -3.84 0.51 0.026 
NGNG 457 3.88 0.86 -9.44 0.69 -5.37 3.16 10.83 0.44 6.18 0.35 0.70 1.59 0.216 
PBAI 249 -8.26 0.73 -60.14 0.55 -47.01 2.46 4.11 0.36 -28.19 0.27 3.01 1.21 0.027 
PBJO 302 - - - - - - 5.14 0.27 -8.30 0.23 3.39 1.09 0.303 
PRKB 634 10.66 0.43 -2.51 0.35 9.07 1.45 - - - - - - - 
PPNJ 495 - - - - - - 4.33 0.36 0.81 0.33 5.49 1.22 0.050 
PSKI 479 -4.97 0.43 -10.65 0.34 1.23 1.47 1.24 0.15 -1.37 0.12 -4.60 0.50 0.050 
PSMK 214 -91.26 0.48 -851.36 0.49 316.03 1.53 -33.73 0.18 -100.30 0.16 36.12 0.60 0.095 
PTLO 234 97.60 0.60 -158.70 0.48 -20.55 1.84 -10.32 0.17 -54.31 0.14 20.37 0.53 0.030 
SAMP 283 -149.69 0.56 -167.04 0.51 12.97 1.90 -52.73 0.64 -54.40 0.59 -24.47 2.19 0.389 
SLBU 592 -2.35 0.82 -4.71 0.55 -4.37 1.62 29.71 1.17 11.26 0.64 10.26 1.73 0.450 
Peninsular Malaysia 
BABH 542 -44.30 0.31 -43.23 0.26 2.77 1.01 2.45 1.13 -19.07 0.95 -14.38 3.61 0.356 
BANT 512 -52.89 0.41 -23.09 0.36 10.12 1.39 -9.83 0.94 -5.03 0.82 -16.42 3.18 0.433 
BKPL 537 -37.16 0.64 -40.81 0.53 4.52 2.18 2.51 1.33 -16.21 1.11 6.22 4.59 0.274 
GMUS 649 -32.50 0.33 -25.12 0.29 5.83 1.19 -5.53 1.38 -13.98 1.21 -13.46 5.02 0.467 
GRIK 615 -36.64 0.33 -32.15 0.31 7.19 1.20 10.95 1.33 -16.57 1.22 -12.49 4.75 0.468 
JHJY 748 -15.10 1.53 -5.83 1.36 4.00 4.94 -3.30 0.49 3.42 0.44 -3.27 1.58 0.046 
JUIP 552 -43.18 0.49 -33.82 0.43 1.77 1.68 -5.38 0.87 -10.62 0.75 -2.55 2.97 0.247 
JUML 579 -34.42 0.26 -12.87 0.24 3.89 0.96 -5.93 0.38 -1.32 0.35 -3.27 1.43 0.100 
KKBH 551 -45.84 0.58 -25.08 0.51 2.71 1.98 -9.41 0.90 -5.89 0.78 -8.78 3.06 0.200 
KLAW 573 -39.14 0.30 -18.72 0.26 8.92 1.09 -6.35 0.45 -3.87 0.38 -1.64 1.60 0.092 
KLUG 695 -20.96 1.87 -7.10 1.68 7.42 6.76 -3.07 0.80 1.80 0.67 -4.30 2.70 0.030 
KUKP 710 -18.23 0.29 -4.83 0.25 4.60 1.03 -4.01 0.11 5.13 0.10 -3.92 0.41 0.085 
LGKW 603 -21.47 0.45 -36.16 0.46 2.52 1.58 -19.08 0.57 -10.99 0.59 -5.17 2.00 0.492 
MARG 785 -21.31 0.40 -13.82 0.37 6.01 1.68 -10.29 0.71 -4.11 0.66 -6.58 2.96 0.300 
MERS 756 -19.94 0.35 -6.78 0.32 3.43 1.27 -4.56 0.46 2.73 0.43 -3.04 1.67 0.300 
MERU 509 -52.62 0.46 -18.73 0.44 -4.18 1.34 -5.18 0.27 -6.79 0.27 1.76 0.80 0.029 
PEKN 730 -23.16 0.33 -10.44 0.27 3.26 1.17 -9.71 0.61 0.93 0.51 -4.08 2.16 0.300 
PUPK 479 -47.14 0.46 -41.47 0.48 8.64 1.31 -7.05 0.30 -6.18 0.31 -2.86 0.87 0.022 
RTPJ 728 -21.71 0.57 -20.84 0.58 6.62 2.13 -10.79 0.45 -2.60 0.46 -1.15 1.70 0.160 
SELM 563 -35.96 0.44 -35.58 0.39 5.37 1.67 -9.06 0.55 -11.54 0.48 -3.88 2.06 0.196 
SGPT 582 -30.66 0.39 -37.42 0.35 3.58 1.32 -10.46 0.50 -7.54 0.46 -10.31 1.72 0.254 
TGPG 783 -13.59 1.43 -2.74 1.72 2.41 4.36 -3.47 0.77 2.36 0.92 -0.90 2.32 0.134 
UPMS 537 -46.00 0.42 -20.30 0.35 1.48 1.40 -18.33 0.77 -7.91 0.64 -2.67 2.55 0.286 
UUMK 655 -20.83 0.45 -31.12 0.40 3.87 1.47 -18.89 0.57 -8.59 0.51 -5.94 1.87 0.472 
Singapore 
NTUS 735 -9.91 2.28 -3.33 1.59 8.41 5.80 -6.79 0.63 2.19 0.44 -4.17 1.60 0.046 
 
 
The largest vertical coseismic displacements of the Nias–Simeulue event from GPS 
measurements are concentrated near the rupture zone, and the vertical slip pattern is not monotonic. 
Various vertical displacement (uplift and subsidence) within the Sunda forearc are likely due to the 
elastic deformation pattern of coseismic displacement. In general, most of the cGPS sites detected 
uplift during the 2005 rupture. For example, two of the closest sites to the epicentre, LHWA and BSIM, 
observed coseismic uplift of 2.9 m and 1.6 m, respectively. Further inland, the sGPS measurements 
captured a mixture of uplift and subsidence signals in the back-arc region close to the Toba Caldera 
(Prawirodirdjo et al., 2010). However, these measurements are also influenced by postseismic 
deformation from both the 2004 and 2005 earthquakes, and thus the vertical displacement remains 
ambiguous (Feng et al., 2015). Despite that, the cGPS measurements in this study suggest that the 
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Sunda back-arc (SAMP) and Peninsular Malaysia have been uplifted from ~13 ± 2 mm, and gradually 
reduced to ~ 1 ± 1 mm, as moved further away from the epicentre (Table 4.3). In contrast, the cGPS 
sites along the Sunda forearc from Batu Island to North Pagai Island show subsidence from 4 ± 1 mm 
to 47 ± 2 mm. Interestingly, small coseismic uplift of 1–9 mm (BSAT and PRKB) was detected at the 
South Pagai Island; this uplifted patch later coincides with the ruptured segment of the 2007 Mw 8.5 
Bengkulu earthquake.  
 
 
The postseismic deformation following the 2005 rupture combines the effects of both the 2004 
and 2005 ruptures, as the time period between the two events is only three months. As several of the 
SuGAr cGPS sites were installed following the 2005 rupture, the postseismic amplitude at these sites 
represents only a portion of the total postseismic signal, and no coseismic displacement (Table 4.3, 
see Appendix A for data availability). In this study, a logarithmic decay signal is visible at 48 cGPS 
sites (Figure 4.5). For the two closest cGPS sites (BSIM and LHWA) to the epicentre, the direction of 
the postseismic azimuth is more southward than the corresponding coseismic motion. Most of the 
island sites in the Sunda forearc have trench-ward postseismic displacement, and azimuths that 
gradually change from SE to ENE trends as the deformation moves towards the Pagai Island (Figure 
4.5). In contrast, in Peninsular Malaysia the azimuth of the postseismic displacements is nearly 
normal to the ruptured plane, except for six cGPS sites in the southern Malay Peninsula and Singapore. 
It is interesting that the postseismic azimuths in central Sumatra and the southern region of 
Peninsular Malaysia formed a vortex-like postseismic deformation pattern (Figure 4.5), where it is 
likely due to the viscoelastic relaxation following the thrust afterslip.  
 
 
The postseismic vertical deformation following the 2005 rupture showed a reversal of 
coseismic vertical displacement in many locations (Figure 4.5). The two largest coseismic uplifts 
observed at LHWA and BSIM, subsided by ~46 mm and ~9 mm respectively, in the first week 
following the earthquake. The northern (LEWK) and southern (BITI, BTHL, and PSMK) regions of the 
rupture zone both show a continuing uplift process following the 2005 coseismic uplift (Figure 4.5). 
These results suggest that the vertical postseismic displacement approaches the coseismic 
displacement after a month in the north and ~23% of coseismic displacement after 6 months in the 
south of the 2005 rupture zone. The coseismically uplifted regions in the Sunda backarc and 
Peninsular Malaysia, also underwent postseismic subsidence (Figure 4.5).  
 




Figure 4.5: The postseismic amplitude (cyan and dark blue arrow) associated with the error ellipse in 1σ 
confidence interval for the 2005 Nias earthquake. The coseismic vector (green and orange arrows) is as given 
in Figure 4.4. The postseismic decay period, τ, was determined for each station to obtain the best logarithmic 
fit (Table 4.3). The red dots are active cGPS sites during the event.  
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4.2.3 2007 Mw 8.5 Bengkulu Earthquake 
 
 
On 12th September 2007, the Sunda megathrust ruptured again, resulting in a Mw 8.5 event 
offshore of Bengkulu (Figure 4.1). Twelve hours later, a second megathrust earthquake (Mw 7.9) 
struck northwest of the mainshock (35 km beneath the northern Pagai Island), and a third earthquake 
(Mw 7.0) propagated WNW-ward (22 km beneath Sipura Island) occurred 4 hours later. Historically, 
there were two great earthquakes triggered on similar segments in 1797 and 1833 (Natawidjaja et 
al., 2006). Konca et al. (2008) highlighted that these recent earthquakes appear to have only released 
a fraction of moment deficit (~25%) that had accumulated as a result of interseismic strain since 1833 
(Figure 4.1). The remaining locked segments, or even the same 2007 ruptured segment, could 
potentially rupture in the future.  
 
 
Several studies involving GPS measurements, in-situ uplift measurements, and interferometric 
synthetic aperture radar (InSAR) were conducted to model the coseismic slip (Konca et al., 2008; 
Gusman et al., 2010). The slip model for the 2007 earthquakes shows two peak slip areas for the 
mainshock, in addition to two discontinuous minor slip patches for the two aftershocks (Figure 4.1). 
The largest slip on the main patch (8 m) occurred under South Pagai Island (~3.2°S), followed by the 
second largest slip of 5 m at ~25 km northeast of Mega Island (~4.0°S). The maximum slip of 2.5 m 
in the smaller patches of the aftershock is found beneath Sipura Island (~2.3°S; Konca et al., 2008). In 
this study, the coseismic displacement, which is based on daily cGPS solutions, represents the 
cumulative effects of all three earthquake events (Table 4.4). The coseismic displacement was 
compared with the published results from Konca et al. (2008) and Feng et al. (2015), which agrees 
well with these studies (Figure 4.6). This study supports the claim from Feng et al. (2015) that the 
peak coseismic displacement in the horizontal component is station PRKB (~1.8 m) rather than the 
station BSAT (~1.5 m) as stated in Konca et al. (2008). However, station BSAT still has the maximum 
observed coseismic displacement in the vertical component where this station is being uplifted for 
~0.74 m. The 2007 rupture demonstrates a similar coseismic horizontal displacement pattern, in 
which the forearc segment above the rupture zone (BSAT, PPNJ, PRKB, SLBU, LNNG, MKMK and LAIS) 
and the stable Sunda core (Peninsular Malaysia) displaced towards the trench. In contrast, the 
stations on both edges of the rupture patch indicated a displacement azimuth that was nearly trench 
parallel and moving away from the rupture zone. Intriguingly, a small but clear coseismic 
displacement of ~6 mm was observed at UMAS station (~1,200 km away from the epicentre), which 
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suggested that the coseismic displacement of the 2007 rupture has a greater far-field reach than 




Figure 4.6: The coseismic displacements of the 2007 Mw 8.5 Bengkulu earthquake. The plotted vectors are the 
coseismic displacements from this study with three different scales (orange), Konca et al. (2008; K – red) and 
Feng et al. (2015; F – green). The observed vertical coseismic displacements and error ellipses (1σ confidence 
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Coseismic displacements (mm) Postseismic decay amplitudes (mm) τ (dec 
yr) E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 
Andaman and Sumatra 
ABGS 479 -1.74 0.38 -21.76 0.33 -7.73 1.27 - - - - - - - 
BSAT 110 -989.81 0.62 -1146.40 0.55 736.83 1.98 -53.79 0.37 -61.75 0.32 -10.69 1.18 0.046 
BTET 381 -5.78 0.38 7.75 0.28 -15.84 1.19 -1.31 0.23 3.82 0.17 0.60 0.73 0.100 
BTHL 605 -1.70 0.26 0.63 0.21 -7.04 0.92 - - - - - - - 
JMBI 370 -63.66 0.37 -51.40 0.27 3.14 1.13 -14.92 0.22 -10.43 0.16 0.62 0.66 0.110 
LAIS 119 -647.20 0.35 -384.42 0.31 -132.07 1.14 -47.82 0.21 -46.64 0.19 9.63 0.69 0.105 
LNNG 167 -409.81 0.36 -508.33 0.30 -132.95 1.12 -45.22 0.23 -60.57 0.19 6.47 0.71 0.126 
MKMK 138 -520.32 0.29 -669.39 0.26 -210.16 0.9 -62.42 0.23 -63.42 0.21 3.17 0.73 0.136 
MLKN 225 22.87 0.29 -22.17 0.26 -25.49 1.04 4.30 0.25 -3.15 0.22 3.27 0.89 0.248 
MNNA 223 -66.43 0.20 -14.63 0.19 -17.94 0.78 -12.87 0.22 -3.64 0.21 -1.27 0.86 0.300 
MSAI 345 -29.60 0.40 13.51 0.31 -6.52 1.28 - - - - - - - 
NGNG 291 -172.25 0.46 -30.71 0.36 54.44 1.66 -12.87 0.24 -12.51 0.18 12.63 0.84 0.080 
PBJO 445 -3.00 0.23 0.91 0.20 -7.01 0.92 - - - - - - - 
PKRT 242 - - - - - - -26.76 0.37 -26.77 0.36 6.58 1.28 0.241 
PPNJ 251 -462.24 0.55 -555.60 0.47 238.59 1.72 -20.90 0.35 -25.74 0.30 12.97 1.10 0.057 
PRKB 112 -1040.94 0.64 -1526.18 0.54 354.16 2.1 -54.50 0.45 -41.99 0.38 -0.33 1.48 0.071 
PSKI 303 -128.38 0.37 -236.48 0.29 -59.44 1.24 -18.02 0.22 -31.96 0.17 6.41 0.74 0.190 
PSMK 538 -3.40 0.23 -2.03 0.19 -10.32 0.73 - - - - - - - 
SAMP 861 1.58 1.17 -0.44 1.11 2.83 4.02 -5.84 0.76 -6.33 0.72 -11.19 2.61 0.235 
SLBU* 156 -221.94 7.49 -148.32 5.03 129.44 16.06 -15.18 20.67 41.48 2.47 114.02 7.23 0.135 
TIKU 393 -19.03 1.77 -89.14 1.64 0.17 5.46 4.59 0.90 -4.17 0.83 -13.33 2.76 0.135 
Peninsular Malaysia 
ARAU 1,140 2.74 0.42 -2.86 0.33 -7.71 1.42 - - - - - - - 
AYER 1,064 -2.63 0.32 -6.18 0.25 -3.54 1.10 - - - - - - - 
BABH 994 2.94 0.16 -4.45 0.14 -4.11 0.53 - - - - - - - 
BAHA 748 -2.70 0.31 -14.63 0.27 -5.54 1.04 -3.30 0.12 -2.48 0.11 0.56 0.41 0.080 
BANT 737 -5.36 0.24 -18.12 0.21 15.92 0.81 - - - - - - - 
BEHR 841 4.25 0.41 -9.43 0.27 -0.87 1.13 -1.29 0.34 0.29 0.23 -4.84 0.94 0.608 
BENT 819 -4.26 0.26 -13.72 0.22 -2.86 0.81 - - - - - - - 
CAME 913 -3.57 0.33 -8.82 0.23 -4.08 0.93 - - - - - - - 
CENE 913 -5.07 0.26 -12.76 0.20 -4.92 0.77 - - - - - - - 
GETI* 1,119 0.46 0.35 -6.39 0.32 -1.07 1.12 - - - - - - - 
GMUS 967 1.71 0.19 -8.52 0.17 -0.61 0.68 - - - - - - - 
GRIK 1,025 3.00 0.18 -3.44 0.17 -1.10 0.65 - - - - - - - 
JHJY 668 -10.35 0.34 -15.09 0.30 5.15 1.19 -2.53 0.10 -4.59 0.09 -3.56 0.36 0.015 
JRNT 870 -4.82 0.25 -13.62 0.23 -4.30 0.81 - - - - - - - 
JUML 681 -7.94 0.19 -19.72 0.17 -2.10 0.70 -1.23 0.12 -4.56 0.11 -1.46 0.44 0.150 
KLAW 761 -3.96 0.21 -16.10 0.18 -3.83 0.76 - - - - - - - 
KLUG 695 -8.24 0.55 -18.85 0.48 5.17 1.90 -2.10 0.40 -6.39 0.36 -9.91 1.44 0.102 
KRAI* 1,041 0.46 0.33 -7.21 0.24 -5.08 0.90 - - - - - - - 
KROM 779 -5.65 0.29 -15.19 0.26 -0.42 1.09 -2.25 0.10 -2.20 0.09 -1.40 0.40 0.060 
KUAL* 1,039 -6.96 1.46 -8.44 0.22 -1.67 0.90 - - - - - - - 
KUKP 631 -14.79 0.19 -24.37 0.16 1.53 0.68 -3.98 0.12 -7.14 0.10 -4.14 0.43 0.136 
LASA 968 -3.15 0.30 -8.18 0.24 -3.82 0.86 - - - - - - - 
LGKW 1,131 -0.82 0.23 -0.48 0.24 -3.79 0.81 - - - - - - - 
LIPI 893 0.86 0.31 -9.96 0.28 -4.31 1.03 -6.90 0.21 1.61 0.19 -0.52 0.71 0.300 
MERS 761 -11.05 0.17 -21.18 0.16 -2.79 0.63 - - - - - - - 
MERU 770 5.66 0.37 -13.89 0.33 10.20 1.02 -11.13 0.33 5.09 0.31 -12.76 0.93 0.300 
MUAD 796 -5.65 0.25 -16.30 0.22 -2.30 0.84 -6.32 0.28 -5.25 0.25 -5.78 0.92 0.600 
MUKH 966 -2.48 0.33 -10.15 0.26 -5.38 1.16 -5.48 0.33 -0.85 0.26 8.60 1.15 0.600 
PASP 1,080 -3.11 0.26 -6.50 0.22 -6.69 0.89 - - - - - - - 
PDIC 707 -8.84 0.30 -17.28 0.27 -1.02 0.99 -3.56 0.19 -4.04 0.17 -2.81 0.62 0.243 
PEKN 851 -5.03 0.23 -10.95 0.19 -2.66 0.80 -0.35 0.11 -2.29 0.09 -0.17 0.38 0.063 
PRTS 674 -9.58 0.46 -22.09 0.39 -7.32 1.35 -1.46 0.13 -2.14 0.12 1.68 0.40 0.030 
PUPK 889 -4.14 0.27 -7.07 0.28 -4.44 0.77 2.70 0.16 -0.19 0.17 2.58 0.47 0.130 
PUSI 918 -3.03 0.31 -8.28 0.24 -7.25 0.93 - - - - - - - 
SBKB 844 -3.02 0.25 -8.82 0.20 -4.06 0.71 - - - - - - - 
SEG1 723 -6.45 0.33 -22.41 0.34 7.52 1.10 -6.21 0.22 1.00 0.23 -16.54 0.73 0.280 
SETI 1,053 -3.11 0.29 -7.57 0.24 -4.48 0.89 - - - - - - - 
SGPT 1,049 -0.50 0.30 -3.37 0.27 -4.28 1.03 0.46 0.12 0.38 0.10 0.33 0.39 0.040 
SIK1 1,067 1.71 0.38 -2.55 0.39 -6.33 1.13 -9.80 0.35 -2.63 0.36 -1.84 1.03 0.500 
SPGR 673 -12.03 0.28 -22.81 0.25 -2.21 0.96 -4.25 0.15 -4.14 0.13 -2.33 0.50 0.165 
SRIJ 854 -3.90 0.33 -12.13 0.26 -0.68 0.89 -9.52 0.31 -1.83 0.25 -5.47 0.85 0.500 
TERI 1,016 1.16 0.38 -7.72 0.32 -3.16 1.21 -3.46 0.19 -0.93 0.16 -2.20 0.60 0.165 
TGPG 669 -12.99 0.84 -12.77 1.02 -11.29 2.78 -1.68 0.36 -5.42 0.43 2.98 1.18 0.064 
TGRH 730 -10.98 0.25 -19.52 0.23 -0.89 0.84 -7.50 0.24 -8.05 0.22 -6.67 0.80 0.500 
TLKI 864 -0.96 0.31 -9.61 0.28 -1.83 0.89 - - - - - - - 
TLOH 819 -5.76 0.20 -16.74 0.20 -2.85 0.62 - - - - - - - 
UPMS 757 -2.32 0.23 -14.47 0.19 -4.15 0.77 - - - - - - - 
USMP 1,019 -0.57 2.40 -4.37 1.93 -4.57 6.48 3.26 2.27 -1.29 1.81 1.21 6.09 0.272 
UUMK 1,140 -1.84 0.17 -1.84 0.15 -3.65 0.57 - - - - - - - 
Sarawak 
UMAS 1,200 -5.56 -2.37 0.14 0.12 -0.24 0.44 - - - - - - - 
Singapore 
NTUS 643 -8.76 -20.93 0.28 0.21 2.33 0.75 -8.46 0.13 -8.27 0.1 -2.94 0.36 0.136 
Note: GETI, KUAL and KRAI stations indicate some amount of postseismic deformation after the 2007 rupture, however, the 
values were intentionally omitted from the table. The geodetic network upgrade (see Section 3.2.1) caused a data gap 
between 2005–2007 and therefore there is insufficient redundancy to estimate a reliable solution. The postseismic 
deformation of SLBU cannot resolve a good estimate in this study due to unreliable position estimates for the weeks after 
the earthquake.  
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Postseismic deformation was detected at 41 cGPS stations (Figure 4.7), where the overall levels 
of displacement were 2–3 times smaller than the previous Nias earthquake (Figure 4.5). In general, 
the azimuths of postseismic deformation for all the stations follow a similar direction to the coseismic 
motion. The most significant postseismic displacements had a deformation of ~82 mm two weeks 
after the earthquake (Figure 4.7; Table 4.4). The observed horizontal postseismic displacement in 
Peninsular Malaysia was less than 1 cm over the first six months, and the displacements mainly 
affected the southern to central regions of the peninsula (1.3–3.0°N). Feng et al. (2015) highlighted 
that there was an abrupt rate change before and after the 2007 earthquake. Therefore, a reliable 
decay fit could not be obtained for the only station in the southeast of the rupture zone, MLKN, 
without requiring an extremely large decay time (>5,000 years). However, this study did not find a 
similar rate change pattern as described in Feng et al. (2015), and one logarithmic decay was 
sufficient to achieve a good fit with a reasonable decay time (Table 4.4). On the contrary, one of the 
stations closest to the rupture zone, SLBU, could not be fit without using a very long decay time. The 
sizeable percentage of data gaps in the time series during the weeks after the 2007 earthquake also 
made it difficult to model the postseismic deformation. Lastly, the northern segment of the Sunda 
forearc from the 2007 rupture zone (BTHL, PSMK and PBJO) was largely unaffected by postseismic 
displacement, with a maximum displacement of less than 4 mm one month after the rupture. 
 
 
Vertical postseismic displacements mostly involved uplift for the near-field cGPS sites, except 
for a few sites located between the Mw 8.5 mainshock and the Mw 7.9 aftershock that underwent 
subsidence or had no vertical displacement. Lubis et al. (2013) reported that all the near-field stations 
experienced postseismic subsidence during the first 15 months following the earthquakes. Feng et al. 
(2015) disagreed with this result by suggesting that most stations experienced postseismic uplift. 
This study concurs with the Feng et al. (2015) study where the Sipora Island (PPNJ and PRKT) 
postseismic uplifted, but experienced postseismic subsidence along the west coast of South Pagai 
Island (BSAT). The vertical postseismic displacement along the east coast of South Pagai Island (PRKB) 
was low (<1 mm after one month), and finally minor uplift (~3 mm after 3 months) on Enggano Island. 
The heterogeneity in vertical postseismic displacement has not been mapped due to the sparseness 
of the geodetic network, and because the Sunda forearc is largely beneath the ocean. The discrepancy 
of vertical postseismic displacement decreases in the intermediate and far-field regions, and a 
homogeneous pattern of postseismic subsidence emerges, where the magnitude of the uplift 
gradually decreases from the central Sumatra to the south of Peninsular Malaysia.  




Figure 4.7: The postseismic amplitude (cyan and dark blue arrow) associated with the error ellipse in 1σ 
confidence interval for the 2007 Bengkulu earthquake. The coseismic vectors in this study (green, yellow and 
orange arrows) are the same offsets as illustrated in Figure 4.6. The postseismic decay period, τ, was 
determined for each station to obtain the best logarithmic fit (Table 4.4).  The red dots are active cGPS sites 
during the event.   
 
 
4.2.4 2012 Mw 8.6 and Mw 8.2 Wharton Basin Earthquakes 
 
 
On 11th April 2012, two of the largest (Mw 8.6 and Mw 8.2) strike-slip and intraplate earthquakes 
ever recorded by modern seismological instruments southwest of the Sunda megathrust with a time 
gap of less than 3 hours. These strike-slip earthquakes, also known as the Wharton Basin earthquakes, 
are situated in the intra-oceanic plate boundary region between the Indian plate and the Australian 
plate, and possibly involved a substantial component of lithospheric deformation, which may 
eventually lead to the formation of a localised plate boundary (Duputel et al., 2012). Since the 
epicentre of Wharton Basin earthquakes was located off the coast of Sumatra, the lack of near-field 
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cGPS observations have increased the difficulty of defining the faults that ruptured in the event. There 
is an intense debate in the research community on whether the young WNW-ESE trending right 
lateral fault (Hill et al., 2015), or the old NNE-SSW trending left lateral fault (Satriano et al., 2012) or 
both (initially on WNW-ESE and then bilaterally on NNE-SSW; Yue et al., 2012), contributed to the 
main energy release of the 2012 rupture. 
 
 
The Wharton Basin earthquakes induced NNE and WNW trending coseismic displacements in 
the west of the Sunda trench (Table 4.5). This displacement pattern is unlike the past three thrust-
type great earthquakes, which mainly moved trenchward (or towards the rupture zone). Widespread 
coseismic displacements were recorded across the Sunda plate and extended over a region 2,500 km 
from the rupture zone (Figure 4.8 and Figure 4.9). A maximum horizontal displacement of ~30 cm 
was observed at station LEWK followed by the nearby sites, ranging from ~17 cm to ~23 cm (BNON, 
BSIM and UMLH). The cGPS sites on the archipelago of the Sunda forearc underwent WNW trending 
coseismic displacements of ~1.4 to ~3.2 cm. The direction of the coseismic displacement gradually 
changed from the WNW to NNE trending (Figure 4.8). The Andaman and Nicobar Islands on the 
northernmost island of the Sunda forearc showed SSE trending coseismic displacements of ~2.2 cm 
to ~3.4 cm (Figure 4.9A). Across the Malacca Strait, northern Peninsular Malaysia had generally 
displaced ENE for ~5.0 cm, and the offsets gradually change orientation to the east, with ~1.5 cm in 
the southern peninsula. The coseismic displacement is also recorded in Northern Borneo, where sites 
largely moved ENE for <1 cm (Figure 4.9B). For the vertical component, the 2012 rupture subsided 
for most of the area on the overriding plate. The maximum subsidence was 44.6 ± 1.04 mm (1σ 
confidence level) at station LEWK. Both the northernmost (HUTB) and southernmost (MLKN and 
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Table 4.5: The coseismic displacements and postseismic decay amplitudes for 2012-04-11 Mw 8.5 and Mw 8.2 





Coseismic displacements (mm) Postseismic decay amplitudes (mm) τ (dec 
yr) E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 
Andaman and Sumatra 
ABGS 767 14.20 0.60 8.62 0.52 1.00 2.02 4.52 0.30 1.17 0.26 -3.69 1.02 0.111 
BAKO 1,842 -0.72 0.21 3.77 0.17 -0.16 0.61 - - - - - - - 
BITI 572 40.93 0.46 23.49 0.38 -5.21 1.62 4.89 0.14 -0.58 0.12 -0.97 0.50 0.015 
BNON 370 214.74 0.48 80.28 0.43 -20.47 1.45 55.34 1.01 30.38 0.92 0.51 1.43 0.286 
BSAT 1,026 -18.42 0.34 17.12 0.29 1.62 1.13 - - - - - - - 
BSIM 389 194.69 0.33 71.10 0.26 -21.43 0.98 36.39 0.34 16.29 0.27 11.24 1.00 0.261 
BTET 763 -18.66 0.30 23.77 0.22 -0.12 0.94 -4.96 0.24 4.40 0.17 -3.58 0.74 0.361 
BTHL 578 21.50 0.37 23.23 0.30 -0.29 1.31 3.53 0.13 1.35 0.10 -1.63 0.45 0.030 
BUKT 880 8.66 0.23 6.42 0.20 -5.68 0.78 5.08 0.28 0.28 0.24 -1.51 0.97 0.400 
CARI 1,030 3.55 0.31 -28.72 0.24 -1.16 0.94 1.69 0.28 -6.67 0.21 -7.71 0.84 0.571 
HAV2 1,077 1.56 0.33 -22.49 0.28 -0.79 1.21 1.80 0.19 -1.74 0.16 0.89 0.69 0.171 
HNKO 529 36.49 0.45 28.90 0.35 -8.05 1.58 12.02 0.31 5.97 0.24 -3.90 1.09 0.130 
HUTB 919 4.17 0.96 -33.68 0.72 8.55 3.38 6.48 0.55 -4.48 0.41 -8.11 1.93 0.350 
JMBI 1,268 1.36 0.31 1.54 0.23 5.17 0.95 7.69 0.39 -1.07 0.29 -8.06 1.20 0.850 
JOG2 2,248 -1.47 3.43 2.26 2.64 6.21 10.65 - - - - - - - 
KTET 940 -14.61 0.51 13.69 0.43 -9.04 1.44 -3.74 0.31 1.58 0.26 2.62 0.87 0.080 
LAIS 1,215 -10.40 0.28 7.53 0.25 -0.63 0.94 -2.29 0.20 -0.19 0.18 3.30 0.67 0.206 
LEWK 337 278.48 0.34 121.08 0.27 -44.60 1.04 36.68 0.31 15.85 0.24 13.42 0.94 0.177 
LNNG 1,060 -8.19 0.27 8.99 0.21 -2.47 0.84 - - - - - - - 
MKMK 1,068 -9.26 0.26 9.26 0.22 -1.84 0.82 - - - - - - - 
MLKN 1,355 -9.92 0.27 11.07 0.24 6.00 0.97 - - - - - - - 
MNNA 1,350 -8.11 0.19 9.28 0.18 0.23 0.71 - - - - - - - 
MSAI 808 -17.10 0.22 18.54 0.17 -4.81 0.72 - - - - - - - 
NGNG 852 -14.32 0.52 20.17 0.42 -5.23 1.90 -1.55 0.19 0.98 0.15 0.43 0.69 0.027 
PARY 902 1.25 0.29 6.58 0.28 -1.90 1.00 1.36 0.21 1.17 0.20 -1.64 0.72 0.174 
PBJO 715 -8.07 0.31 22.12 0.27 -6.54 1.24 - - - - - - - 
PBLI 509 104.96 0.41 31.59 0.44 -6.94 1.20 33.64 0.22 15.94 0.23 0.48 0.64 0.210 
PKRT 899 -19.08 0.29 18.84 0.28 -0.23 0.99 - - - - - - - 
PPNJ 895 -16.94 0.32 16.92 0.29 -5.76 1.05 - - - - - - - 
PRKB 1,029 -16.74 0.37 14.00 0.29 -9.79 1.26 - - - - - - - 
PSKI 922 -1.56 0.25 9.30 0.20 -1.66 0.85 - - - - - - - 
PSMK 622 3.27 0.31 25.91 0.25 2.73 0.99 1.46 0.24 3.07 0.19 -14.85 0.75 0.278 
PTLO 663 6.00 0.24 20.71 0.20 -0.35 0.78 3.58 0.19 2.66 0.15 -3.36 0.61 0.309 
SLBU 981 -21.24 0.50 11.92 0.35 -5.28 1.00 - - - - - - - 
SMGY 980 -17.96 0.33 13.93 0.29 -6.20 1.06 - - - - - - - 
TIKU 849 2.95 0.49 8.80 0.37 -0.74 0.55 6.96 0.32 1.38 0.24 -13.32 0.98 0.065 
TLLU 840 -18.45 0.26 20.99 0.23 -2.76 0.83 - - - - - - - 
TNTI 753 -10.27 4.80 22.80 4.51 -4.06 19.49 -0.79 0.64 0.44 0.60 -2.67 2.53 0.003 
TRTK 968 -5.90 0.19 7.73 0.17 -1.02 0.66 - - - - - - - 
UMLH 410 141.48 0.32 89.47 0.31 -22.83 1.13 18.55 0.15 19.31 0.14 -3.95 0.53 0.099 
Philippines, Singapore and Thailand 
CUSV 1,524 5.60 0.61 2.29 0.72 -0.88 2.33 - - - - - - - 
NTUS 1,212 11.60 0.39 1.78 0.30 -0.26 1.05 1.01 0.11 -0.82 0.08 -0.12 0.29 0.027 
PTAG 3,380 2.91 0.31 1.30 0.24 -0.32 0.98 - - - - - - - 
Peninsular Malaysia 
ARAU 944 39.94 0.27 21.66 0.22 -4.22 0.91 8.35 0.25 3.28 0.20 3.68 0.83 0.288 
AYER 1,071 35.07 0.27 12.22 0.21 -5.81 0.92 12.16 0.19 2.87 0.15 0.75 0.65 0.316 
BABH 906 46.32 0.19 18.60 0.16 -4.37 0.61 14.26 0.13 7.15 0.11 2.78 0.41 0.319 
BAHA 1,063 28.05 0.16 4.68 0.14 -3.02 0.53 10.02 0.14 3.31 0.12 2.26 0.46 0.482 
BANT 970 35.56 0.17 6.88 0.15 -1.41 0.57 12.46 0.16 1.09 0.14 -3.58 0.55 0.482 
BEHR 978 35.99 0.27 8.65 0.18 -4.71 0.76 9.60 0.24 2.25 0.16 4.44 0.67 0.518 
BENT 1,017 34.49 0.19 8.28 0.16 -2.12 0.59 15.48 0.14 3.43 0.12 2.74 0.43 0.482 
CAME 978 38.63 0.25 12.64 0.17 -3.90 0.70 15.03 0.15 4.51 0.11 4.49 0.43 0.318 
CENE 1,173 23.06 0.21 4.95 0.16 -3.34 0.61 12.53 0.13 2.88 0.10 3.60 0.38 0.330 
GAJA 1,178 17.24 0.17 4.09 0.18 -0.92 0.55 7.33 0.11 -1.15 0.11 3.03 0.35 0.310 
GETI 1,116 37.88 1.61 7.65 1.62 -4.09 5.08 6.07 0.31 1.75 0.28 -3.00 0.99 0.316 
GMUS 1,052 34.59 0.19 10.94 0.17 -2.23 0.68 9.43 0.16 3.38 0.14 1.23 0.57 0.316 
GRIK 984 39.38 0.19 16.06 0.17 -3.64 0.68 10.42 0.12 5.47 0.11 0.42 0.43 0.261 
JHJY 1,223 15.30 0.21 1.45 0.18 0.58 0.72 4.55 0.25 1.24 0.22 -6.85 0.88 0.316 
JRNT 1,076 30.45 0.18 5.08 0.17 -0.56 0.58 11.11 0.11 3.69 0.10 2.85 0.35 0.318 
JUML 1,048 26.00 0.15 5.12 0.14 -2.42 0.56 8.97 0.14 -1.44 0.13 0.92 0.52 0.482 
KLAW 1,029 31.25 0.16 5.51 0.14 0.96 0.59 11.01 0.13 4.76 0.11 -0.56 0.48 0.482 
KRAI 1,100 33.06 1.85 8.53 1.06 -1.71 3.39 13.02 0.57 5.45 0.41 -3.97 1.51 0.147 
KROM 1,187 21.18 0.15 3.41 0.13 -0.43 0.57 8.57 0.17 0.09 0.15 1.86 0.65 0.330 
KUAL 1,191 29.53 0.21 10.01 0.16 -3.05 0.71 4.82 0.12 1.26 0.09 0.56 0.42 0.316 
KUKP 1,187 15.16 0.81 3.20 0.66 -1.71 3.49 2.76 0.20 -3.16 0.17 -7.50 0.72 0.310 
LASA 959 42.90 0.22 14.56 0.17 -1.19 0.63 15.42 0.15 4.84 0.12 3.89 0.42 0.261 
LGKW 896 44.48 0.21 23.81 0.21 -5.58 0.73 14.26 0.13 8.35 0.13 3.32 0.44 0.261 
LIPI 1,050 33.76 0.21 8.82 0.19 -0.94 0.70 10.40 0.16 1.38 0.15 2.86 0.54 0.293 
MERS 1,223 18.16 0.16 2.65 0.15 -0.97 0.58 6.93 0.10 1.38 0.09 1.96 0.37 0.310 
MERU 958 35.16 0.98 7.92 0.89 -1.08 2.69 13.98 0.24 3.84 0.23 -0.87 0.72 0.482 
MUAD 1,142 24.32 0.17 4.06 0.15 0.46 0.55 6.89 0.14 -1.18 0.12 0.22 0.46 0.330 
MUKH 1,180 23.78 0.22 6.72 0.17 -2.96 0.78 8.12 0.17 0.67 0.14 4.31 0.61 0.316 
PASP 1,126 29.90 0.20 9.35 0.16 -2.33 0.67 12.22 0.12 4.42 0.10 2.98 0.41 0.316 
PDIC 999 30.66 0.17 4.79 0.15 -4.66 0.56 11.00 0.16 3.70 0.14 0.91 0.51 0.482 
PEKN 1,180 24.08 0.15 4.66 0.13 -1.86 0.54 7.40 0.12 0.32 0.10 3.10 0.43 0.330 
PRTS 1,118 20.44 0.22 2.10 0.19 -3.17 0.64 6.07 0.17 1.31 0.15 -1.87 0.52 0.310 
PUPK 883 45.19 0.25 15.58 0.26 -7.40 0.72 14.37 0.16 5.10 0.17 3.04 0.46 0.234 
PUSI 940 41.50 0.21 13.23 0.16 -3.23 0.62 15.66 0.11 5.44 0.09 2.43 0.34 0.234 
SBKB 902 45.10 0.19 12.44 0.15 -1.74 0.54 13.80 0.10 4.56 0.08 2.53 0.29 0.234 
SEG1 1,101 22.55 0.20 1.93 0.20 1.39 0.65 5.90 0.15 1.29 0.15 -7.90 0.49 0.310 
SETI 1,155 28.83 0.21 11.91 0.17 -2.88 0.66 10.48 0.13 1.28 0.11 2.70 0.40 0.316 
SGPT 926 43.91 0.20 19.25 0.18 -4.17 0.68 13.80 0.13 7.06 0.12 1.43 0.46 0.261 
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Coseismic displacements (mm) Postseismic decay amplitudes (mm) τ (dec 
yr) E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 
Peninsular Malaysia 
SIK1 958 38.52 0.22 19.23 0.23 -3.51 0.66 14.49 0.17 7.66 0.17 2.47 0.49 0.261 
SPGR 1,168 17.62 0.16 1.76 0.14 -3.53 0.56 6.38 0.12 0.42 0.11 1.33 0.41 0.310 
SRIJ 1,129 24.67 0.20 7.51 0.16 -3.37 0.56 4.84 0.17 3.68 0.13 7.31 0.46 0.330 
TERI 1,168 26.98 0.19 7.11 0.16 -4.47 0.60 9.28 0.14 2.44 0.12 6.17 0.45 0.316 
TGPG 1,259 14.71 0.18 -0.99 0.22 -3.24 0.60 5.75 0.17 2.03 0.21 3.62 0.57 0.310 
TGRH 1,237 16.11 0.16 3.93 0.15 -0.61 0.55 6.48 0.13 -2.78 0.12 -0.50 0.43 0.310 
TLKI 932 42.15 0.22 11.02 0.20 -4.28 0.63 12.86 0.14 4.35 0.13 0.55 0.40 0.234 
TLOH 1,073 29.39 0.17 6.55 0.17 -3.07 0.53 10.93 0.10 0.36 0.10 2.43 0.33 0.318 
TOKA 935 41.95 0.26 18.24 0.24 -0.73 0.74 12.08 0.13 5.10 0.12 2.21 0.36 0.139 
UPMS 991 33.39 0.16 7.74 0.13 -2.44 0.53 11.47 0.14 2.40 0.12 2.76 0.47 0.482 
USMP 895 46.57 0.32 18.75 0.24 -6.71 0.87 7.76 0.15 4.39 0.11 8.59 0.40 0.125 
UUMK 967 39.13 0.19 19.19 0.17 -6.26 0.63 12.48 0.12 6.76 0.10 3.03 0.38 0.261 
Sabah and Sarawak 
AMAN 2,075 4.29 0.19 -2.88 0.20 -3.36 0.71 - - - - - - - 
BEAU 2,563 5.96 0.14 0.35 0.13 0.82 0.50 - - - - - - - 
BELA 2,344 4.30 0.29 -1.75 0.27 0.17 0.85 - - - - - - - 
BELU 2,657 6.05 0.17 0.80 0.14 -0.63 0.55 - - - - - - - 
BIN1 2,254 8.65 0.16 0.01 0.14 1.07 0.53 - - - - - - - 
DATU 2,842 4.30 0.19 1.14 0.20 1.00 0.67 - - - - - - - 
KAPI 2,234 6.73 0.14 0.00 0.15 5.38 0.55 - - - - - - - 
KENI 2,613 6.68 0.16 -1.23 0.15 -0.50 0.49 - - - - - - - 
KUDA 2,710 6.17 0.14 -0.20 0.12 0.56 0.45 - - - - - - - 
LAB1 2,509 6.85 0.15 -0.58 0.16 0.42 0.50 - - - - - - - 
LAWS 2,522 5.44 0.17 -2.91 0.18 -2.97 0.57 - - - - - - - 
MIRI 2,362 4.67 0.15 0.52 0.13 1.17 0.48 - - - - - - - 
MRDI 2,397 6.59 0.20 -0.11 0.15 -5.15 0.58 - - - - - - - 
MRDU 2,694 4.79 0.17 0.23 0.15 2.98 0.63 - - - - - - - 
MTAW 2,790 5.13 0.16 0.08 0.13 1.33 0.54 - - - - - - - 
MUKA 2,133 7.62 0.14 -0.76 0.14 1.52 0.54 - - - - - - - 
NIAH 2,326 6.07 0.19 -3.92 0.15 0.41 0.49 - - - - - - - 
RANA 2,675 6.16 0.18 0.01 0.17 -0.20 0.62 - - - - - - - 
SAND 2,832 2.31 0.15 -1.35 0.12 -7.06 0.43 - - - - - - - 
SARA 2,058 6.98 0.14 -0.18 0.15 0.49 0.46 - - - - - - - 
SEMA 1,884 9.88 0.16 0.80 0.12 1.45 0.52 - - - - - - - 
SEMP 2,873 5.07 0.15 0.66 0.14 -0.25 0.50 - - - - - - - 
SIB1 2,095 7.44 0.14 0.42 0.11 -0.22 0.43 - - - - - - - 
TEBE 1,954 7.71 0.15 -0.28 0.14 -0.20 0.53 - - - - - - - 
TENM 2,586 6.15 0.21 0.05 0.12 -0.78 0.66 - - - - - - - 
TMBN 2,642 5.13 0.17 -0.53 0.13 0.75 0.54 - - - - - - - 
UMAS 1,959 8.36 0.14 1.01 0.12 0.96 0.45 - - - - - - - 
UMSS 2,615 7.28 0.27 1.16 0.25 4.58 0.91 - - - - - - - 
 
 




Figure 4.8: The coseismic displacements of the 2012 Mw 8.6 and Mw 8.2 Wharton Basin earthquakes in Sumatra 
and Peninsular Malaysia. The vectors represent the coseismic displacements in this study (red), Feng et al. 
(2015) (F, green) and Hill et al. (2015) (H, orange). The observed vertical coseismic displacements and error 
ellipses (1σ confidence level) are only plotted for this study.  
 




Figure 4.9: The coseismic displacements of the 2012 Mw 8.6 and Mw 8.2 Wharton Basin earthquakes in (A) 
Andaman and Nicobar Islands and (B) northern Borneo. The vectors are the coseismic displacements estimated 
with error ellipses (1σ confidence level) in this study. The observed vertical coseismic displacements are 
represent in uplifted (red bar) and subsided (blue bar). 
 
 
Postseismic deformation following the 2012 rupture was recorded at all the cGPS sites, 
especially in the western margin of the Sunda plate and the Sunda forearc (Figure 4.10). The 
magnitude of the postseismic deformation at BTET, one of the stations in forearc archipelago, reached 
~22% of its coseismic horizontal motion, with 6.6 ± 0.3 mm within ~5 months after the 2012 rupture. 
The orientation of the postseismic displacement mainly followed the coseismic horizontal 
displacements. No postseismic transient was found in northern Borneo. JMBI was the furthest site 
(~1,268 km from the epicentre) that accumulated the postseismic horizontal motion of 7.7 ± 0.5 mm 
and vertical motion of -8.0 ± 1.2 mm by early 2013 (Figure 4.10). On Simeulue Island (BNON, BSIM 
and LEWK), vertical motion changes from subsidence (coseismic) to uplift (postseismic) were 
measured. This vertical displacement change continued in central and northern Peninsular Malaysia, 
B 
A 
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although sites in NW Peninsular Malaysia (GETI and KRAI), underwent continued subsidence. The 
motion at GETI and KRAI were likely affected by local deformation (Section 6.4). Postseismic 
subsidence continued after the 2012 earthquake between the Sunda forearc segment of Nias and 
Mentawai Islands, extending to the west coast of southern Peninsular Malaysia. No horizontal or 
vertical postseismic motion was observed on the islands further southeast, or down to Enggano Island.  
 
 
The 2012 earthquake provides a good opportunity to study the influence of large strike-slip 
intra-slab earthquakes on the overriding plate. By using Coulomb stress change estimations, 
Delescluse et al. (2012) showed the potential for coseismic slips of the 2004 Aceh and 2005 Nias 
earthquakes to possibly promote oceanic left-lateral strike-slip earthquakes, in this case, the 2012 
Wharton Basin earthquakes. Their findings lead to the following two questions: (1) Do the 2012 
Wharton Basin earthquakes affect the locking coefficient along the Sunda subduction zone? And; (2) 
What is the impact of 2012 Wharton Basin earthquakes on the present-day Sunda plate velocity field? 
These questions are discussed in Chapters 5 and 7.  




Figure 4.10: The postseismic amplitude (cyan arrow) associated with the error ellipse in 1σ confidence interval 
for the 2012 Wharton Basin earthquakes. The coseismic vectors in this study (green arrow) are the same offsets 
as illustrated in Figure 4.8. The postseismic decay period, τ, was determined for each station to obtain the best 
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4.2.5 Other Large Earthquakes 
 
 
Other than the five great earthquakes discussed in Sections 4.2.1–4.2.4, there have been several 
large and moderate earthquake events along the Sunda subduction trench, detected by the operating 
cGPS between 1999 and 2015. Compared to the great earthquakes, the impact of the coseismic 
displacement and postseismic deformation of these earthquakes affects a smaller region and is 
recorded by cGPS sites locally. This study strives to cover the seismological deformation for all the 
large and moderate earthquakes, spanning 17 years of cGPS data coverage. Due to limited regional 
impact of the smaller earthquakes, this study only focuses on earthquakes with magnitude greater 
than Mw 7.5. Nevertheless, these offsets were reviewed in a similar study by Feng et al. (2015) based 
on independent data processing and time series analysis.   
 
 
Within the time span covered by the cGPS observations, there have been four other large 
earthquakes (excluding the 2007 Bengkulu aftershock) greater than Mw 7.5 along the Sumatra 
subduction system: 4th June 2000 Mw 7.9 Enggano earthquake, 30th September 2009 Mw 7.6 Padang 
earthquake, 6th April 2010 Mw 7.8 West Banyak Island earthquake, and the 25th October 2010 Mw 7.8 
Mentawai earthquake. During the Enggano earthquake, the station BAKO was the only available cGPS 
site that detected a coseismic displacement, approximately 560 km from the epicentre. Following the 
main shock, the USGS earthquake catalogue located approximately 245 aftershocks (≥ Mw 3.9) in the 
following month, including three larger aftershocks (Mw 6.2–6.7). Prawirodirdjo et al. (2010) noted a 
temporal variation in the velocity field in the Enggano segment (5°S–6.5°S) before and after the June 
2000 earthquake. This temporal variation is measured by the cGPS site whereby it was due to the 
June 2000 postseismic deformation in the Enggano segment. Their study suggested that the Enggano 
segment, which was a locked subduction zone in the 1990s, is now freely slipping. This study 
generally agrees with their findings, whereby the latest interseismic velocity field is showing a similar 
slip pattern (see Section 7.3). Fourteen days later, an Mw 7.9 strike-slip earthquake struck ~1,000 km 
to the south of Enggano, underneath the Indian Ocean (Abercrombie et al., 2003). None of the cGPS 
sites in this study observed any seismic deformation associated with this event8. 
                                                          
8 The IGS station, COCO, approximately 192 km from the epicentre shown a strong coseismic displacement and 
postseismic logarithmic decay with a reasonable decay period. However, this study is intentionally omitted 
from any further discussion, as no offset was found on the Sunda plate associated with the 2000 Mw 7.9 Indian 
Ocean earthquake.  
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The 2009 Mw 7.6 Padang earthquake is an oblique reverse faulting earthquake that slipped 
within the subducting oceanic plate. This intraslab rupture primarily propagated downdip southwest 
of the hypocentre (Wiseman et al., 2012). Thus, the detected coseismic displacements were small 
despite the fact that the nearest station, TIKU, was only 53 km from the epicentre. Meanwhile, 
maximum coseismic displacements were detected at the cGPS sites on Siberut Island, southwest of 
the epicentre (Figure 4.11A). Wiseman et al. (2012) and Feng et al. (2015) both found no detectable 
postseismic transients following the 2009 rupture. However, this study found highly localised small 
magnitude afterslip activity at PSKI and TIKU, two of the closest cGPS sites to the epicentre (Table 
4.6). The 2009 Padang earthquake uplifted the region surrounding the epicentre, including the east 
coast of Siberut Island, the northern Sipura Island, and the coastal area of Padang city, with a 
maximum displacement of ~2.2 cm (Table 4.6). The coseismic pattern changes from uplift to 
subsidence when moving further away from the epicentre.  
 
 
On the 6th April 2010, a shallow thrust faulting earthquake of Mw 7.8 struck West Banyak Island, 
adjacent to the main fault segment of the 2005 Nias earthquake. The epicentre of this earthquake 
occurred within the low-slip region of the Nias earthquake, suggesting that this earthquake released 
the remaining stress accumulated prior to the previous event (Figure 4.11B). The maximum coseismic 
displacement in the horizontal and vertical components was detected at the station PBLI, with ~33 
cm and ~12 cm, respectively. Small postseismic deformation was observed at the two closest stations 
to the epicentre, BSIM and PBLI. 
 
 
The 25th October 2010 Mentawai shallow thrust faulting earthquake drew attention, not 
because of its size, but because of the following tsunami which generated a 3–9 m tsunami runup, and 
took at least 431 lives (Lay et al., 2011). Hill et al. (2012) reported a higher runup of >16 m based on 
the field observations, where large fault slips at a very shallow depth of <6 km might have contributed 
to the size of tsunami runup. The maximum coseismic horizontal offset of ~38 cm was detected at 
station BSAT, located in the Pagai Islands approximately 128 km from the epicentre (Figure 4.11C). 
All the cGPS coseismic displacements were towards the rupture zone, consistent with a thrusting 
mechanism earthquake. The coseismic displacements obtained in this study are similar to those 
published by both Hill et al. (2012) and Feng et al. (2015). For the 2010 Mentawai earthquake, the 
west coast of both the north and south Pagai Island subsided, with a maximum magnitude of ~50 mm 
at BSAT. The other islands on the Sunda forearc and the Sumatra west coastal region had a small 
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amount of coseismic uplift (<1 cm). The impact of postseismic deformation is broad, and even PSKI 
(~300 km from the epicentre), experienced a small magnitude of postseismic displacement.  
 
 
Table 4.6: The coseismic displacements and postseismic decay amplitudes for the large and moderate 





Coseismic displacements (mm) Postseismic decay amplitudes (mm) τ (dec 
yr) E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 E 𝝈𝑬 N 𝝈𝑵 U 𝝈𝑼 
2009-09-30 Mw 7.6 Padang Earthquake 
ABGS 117 12.98 0.52 -19.16 0.45 -10.96 1.76 - - - - - - - 
BITI 293 11.29 0.33 -9.84 0.27 -8.7 1.15 - - - - - - - 
BSAT 263 -6.09 0.56 -2.34 0.47 -16.96 1.89 - - - - - - - 
BTET 126 -15.83 0.42 -12.96 0.31 -13.97 0.38 - - - - - - - 
BTHL 265 8.37 0.25 -6.6 0.21 -1.4 0.9 - - - - - - - 
KTET 176 -3.19 0.57 -5.55 0.48 -3.95 1.62 - - - - - - - 
LAIS 402 -3.60 1.50 5.04 1.24 -4.01 4.65 - - - - - - - 
LNNG 234 -25.12 0.35 12.18 0.28 -5.06 1.1 - - - - - - - 
MSAI 88 -44.32 0.69 -35.13 0.52 22.73 2.17 - - - - - - - 
NGNG 121 -19.41 0.74 -32.99 0.59 15.04 2.64 - - - - - - - 
PKRT 152 -7.91 0.33 -19.77 0.32 2.55 1.14 - - - - - - - 
PPNJ 134 -8.88 0.33 -25.63 0.3 5.17 1.09 - - - - - - - 
PRKB 255 -4.87 3.21 2.19 2.76 -10.08 11.48 - - - - - - - 
PSKI 84 -10.11 0.51 4.41 0.4 7.38 1.72 1.02 0.19 -1.05 0.15 -1.77 0.64 0.035 
PSMK 216 7.44 0.38 -6.36 0.3 -8.91 1.21 - - - - - - - 
PTLO 175 12.51 0.29 -11.11 0.24 -8.1 0.97 - - - - - - - 
SLBU 223 -0.74 4.05 2.38 2.54 -0.80 8.47 - - - - - - - 
TIKU 53 -0.22 0.43 10.96 0.33 0.49 1.32 3.75 0.28 -3.12 0.21 -7.82 0.85 0.103 
TLLU 127 -23.64 0.43 -30.14 0.39 13.96 1.39 - - - - - - - 
2010-04-06 Mw 7.8 West Banyak Island Earthquake 
ABGS 359 3.05 0.51 0.66 0.45 -1.32 1.74 - - - - - - - 
BITI 162 4.81 0.33 -2.60 0.27 -2.73 1.15 - - - - - - - 
BSIM 59 -50.70 0.52 5.17 0.41 -0.83 1.59 -0.51 0.30 -7.03 0.24 3.37 0.91 0.070 
LEWK 141 0.38 0.59 1.54 0.47 -7.99 1.84 - - - - - - - 
PBJO 360 2.90 0.30 0.28 0.26 -9.01 1.18 - - - - - - - 
PBLI 78 -290.12 0.80 -152.37 0.86 -121.42 2.36 -2.69 0.17 -9.11 0.18 7.19 0.49 0.006 
PSMK 270 3.64 0.37 2.01 0.30 -2.33 1.17 - - - - - - - 
SAMP 279 -11.60 0.44 -15.57 0.39 -10.07 1.50 - - - - - - - 
2010-10-25 Mw 7.8 Mentawai Earthquake 
BSAT 128 -303.85 0.67 -227.05 0.57 -49.32 2.14 -66.87 0.40 -47.57 0.33 -32.16 1.27 0.035 
BUKT 405 0.40 0.26 -4.91 0.22 7.13 0.88 - - - - - - - 
KTET 160 -33.99 0.48 -66.51 0.41 2.01 1.37 -10.50 0.34 -24.22 0.29 -8.90 0.97 0.085 
LAIS 302 -5.67 0.33 -2.20 0.29 4.20 1.08 - - - - - - - 
LNNG 258 -16.41 0.30 -12.28 0.24 7.19 0.94 -8.22 1.43 -8.35 1.15 0.27 4.46 0.295 
MKMK 235 -21.07 0.26 -14.93 0.23 8.28 0.83 -8.57 0.30 -12.56 0.26 0.28 0.96 0.395 
MSAI 266 -1.99 0.21 -6.13 0.17 3.19 0.69 - - - - - - - 
NGNG 212 -1.68 0.39 -11.95 0.31 4.72 1.43 - - - - - - - 
PARY 347 -2.97 0.27 -8.59 0.25 5.80 0.91 - - - - - - - 
PKRT 175 -7.01 0.31 -33.96 0.30 -0.84 1.08 -1.30 0.32 -16.35 0.31 -5.49 1.10 0.250 
PPNJ 193 -5.80 0.49 -19.95 0.45 3.44 1.64 -1.19 0.20 -6.41 0.18 -2.55 0.67 0.041 
PRKB 145 -180.81 0.47 -135.81 0.38 -26.92 1.56 -42.22 0.29 -24.54 0.23 7.61 0.96 0.122 
PSKI 309 -4.67 0.33 -6.93 0.26 7.26 1.13 -0.69 0.20 -2.75 0.16 1.14 0.69 0.135 
SLBU 130 -194.09 0.88 -251.80 0.60 -29.34 1.74 -57.56 0.35 -73.78 0.22 -29.50 0.64 0.036 
SMGY 149 -84.43 0.52 -113.64 0.45 3.37 1.69 -27.84 0.22 -36.41 0.19 -12.45 0.69 0.043 
TLLU 213 0.15 0.28 -11.52 0.25 1.56 0.89 - - - - - - - 











Figure 4.11: The coseismic displacements of the (A) 2009 Mw 7.6 Padang earthquake, (B) 2009 Mw 7.8 West 
Banyak Island earthquake and (C) 2009 Mw 7.8 Mentawai earthquake. The plotted arrows included the 
coseismic displacements from this study, F – Feng et al. (2015), H – Hill et al. (2015), and W – Wiseman et al. 
(2012). The observed vertical coseismic displacements and error ellipses (1σ confidence interval) are only 
plotted for this study. The rupture zone of the 2004 Aceh earthquake in green and 2005 Nias earthquake in blue 

















This chapter has reviewed the deformation in the Sunda plate associated with earthquake 
events between the observation period from 1st January 1999 to 31st December 2015. The availability 
of cGPS measurements provides data with high temporal and spatial resolution. These have been used 
to investigate the earthquake events over a 17-year period. This study recorded 35 events, with the 
smallest magnitude being 6.0. The gCMT catalogue documents 174 earthquakes with Mw 6.0 and 
above. There are three reasons to explain why the earthquake detection rate in this study is less than 
those listed in the gCMT catalogue: (1) smaller earthquakes did not create observable coseismic 
displacements because the sensitivity of GPS measurement is not sufficient to record the far-field 
deformation of small or moderate earthquakes (Genrich and Bock, 2006), as well as the deeper 
earthquakes (Segall and Davis, 1997). (2) the GPS daily solution is poorly estimated on the day of the 
earthquake, and it is presented as an outlier in the time series. And (3), the primary earthquake has 
masked the displacement of following aftershocks in the daily solution, therefore, the offset for each 
of closely spaced earthquake events are indistinguishable.  
 
 
Postseismic deformation can sometimes be far-reaching depending on the magnitude of 
rupture and faulting mechanism (Freymueller et al., 2008). This study found that the postseismic 
signal extended not only along the Sunda forearc, but also extended over the overriding Sunda plate 
for nearly 1,300 km from the 2012 Wharton Basin earthquake epicentre. These results suggest that 
the definition of the ‘stable’ Sunda reference frame (Simons et al., 2007; Altamimi et al., 2012) need 
to be redefined. In terms of spatial impact, the postseismic deformation of the 2012 rupture is 
extensive and widespread, however, the postseismic deformation of the 2004 and 2005 ruptures are 
even larger, both in the level of magnitude and the decay period. Naturally, the postseismic decay 
amplitude is initially high after the earthquake and gradually attenuates after a few weeks, months, 
years, or even decades (Feng et al., 2015). The postseismic relaxation processes from the series of 
great earthquakes are expected to largely dominate the present-day velocity field of Sundaland for 
some time. It is therefore likely that all the existing velocity model for the Sunda plate is no longer 
accurate, and the impact of the co- and post-seismic deformation remains ambiguous. To further 
examine the present-day velocity field of the Sunda plate, Chapter 5 analyses the velocity field after a 
series of great earthquakes. 
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A similar study was carried out by Feng et al. (2015). Both studies comprehensively consider 
the great and large earthquakes along the Sunda subduction trench over the past two decades. 
Nonetheless, this study extends the spatial coverage of coseismic displacement for all the great 
earthquakes, and additionally, the temporal coverage in estimating the postseismic deformation. 
Overall, the estimated displacements for this study are similar in magnitude and orientation to that 
of Feng et al. (2015), as well as the other published studies (Subarya et al., 2006; Banerjee et al., 2007; 
Konca et al., 2007; Konca et al., 2008; Wiseman et al., 2012; Hill et al., 2015). With additional spatial 
and temporal coverage of cGPS datasets, this study is expected to provide a wider perspective in 
studying the extent of impact on the Sunda plate that results from a series of great earthquakes. This 
study has created a dataset with supporting information for future research and comprehensive 
modelling studies.  
 
 






Great earthquakes often cause widespread postseismic decay in areas well away from 
recognised plate boundaries. The Mw 8.6 and 8.2 Wharton Basin doublet earthquakes occurred on 
11th April 2012, near the intersection of the Indian, Australian and Sunda plates, and caused extensive 
coseismic offset and postseismic decay over the region. In this chapter, the long-term GPS time series 
(1999.0–2014.9) suggests that the postseismic decay associated with the doublet earthquakes has 
caused significant deformation to occur from the western boundary of the Sunda plate to the eastern 
region of Peninsular Malaysia. Before the 2004 Mw 9.0 Aceh and 2005 Mw 8.6 Nias earthquakes, the 
cGPS sites in Peninsular Malaysia were moving south-eastward with an average velocity of 37 ± 3.1 
mm/yr, relative to the fixed Australian plate. The postseismic decay of these two great earthquakes 
caused Peninsular Malaysia to experience postseismic deformation in a south-southeast direction at 
a lower average velocity of 10 ± 5.5 mm/yr. After the 2012 Wharton Basin earthquakes, Peninsular 
Malaysia returned to its original course of motion, observed prior to the 2004 and 2005 earthquakes, 
but with a lower average velocity of 25 ± 2.4 mm/yr. The discrepancy with the long-term velocity in 
Peninsular Malaysia provided conclusive evidence of the presence of a postseismic signal associated 
with the 2004 and 2005 earthquakes. In this study, a revised Sunda plate velocity field and rotation 
vector are defined in the International Terrestrial Reference Frame 2008 (ITRF2008) by selecting 15 
cGPS sites that are quantified to be in the stable block, based on 16 years of cGPS time series data. As 
the result, the pre-2004 Aceh earthquake period was selected in the estimation of the plate rotation 
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vector as this period shows the closest representation of the Sundaland interseismic period, without 








The Sunda plate covers most part of the present-day Southeast Asia (SEA), and it is mostly 
surrounded by active subduction zones, such as the Sunda, Java, and Philippine Trenches (Chamot-
Rooke and Le Pichon, 1999). Sunda plate is in direct contact with the Indian–Australian plate and 
several microblocks (Burma, Timor, Banda Sea, Molucca Sea, Birds Head, Philippine Sea, and Yangtze 




Figure 5.1: The plate boundaries of the Sunda plate with its surrounding plates as defined by Bird (2003). The 
approximate (NNR-MORVEL) plate motions are marked with black arrows (Argus et al., 2011). The blue star 
indicates the 2012 Mw 8.6 earthquake epicentre and the green star indicates the Mw 8.2 earthquake epicentre. 
The blue shaded area shows the rupture region of the 2012 doublet earthquakes. Two-letter plate identifiers 
are: Birds Head (BH), Banda Sea (BS), Burma (BU), Mariana (MA), Manus (MN), Maoke (MO), Molucca Sea (MS), 
North Bismarck (NB), Timor (TI), South Bismarck (SB), Solomon Sea (SS), Woodlark (WL) and Yangtze (YA). 
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The boundary between the Sunda plate and the Indian–Australian plate is a well-known 
megathrust that occasionally generates great earthquakes. The Indian–Australian plate is subducting 
beneath the Sunda plate, where the relative vector between these two plates, at the triple junction 
point of the Indian, Australian, and Sunda plates (90°E, 9°N), is 47 mm/yr. The relative vector 
increases towards the south, from 55 mm/yr at the equator near Nias Island to 63 mm/yr south of 
the Sunda Strait (Socquet et al., 2006a; Simons et al., 2007) (Figure 5.1). 
 
 
On 11th April 2012, two of the largest (Mw 8.6 and Mw 8.2) strike-slip and intraplate earthquakes 
ever recorded by modern seismological instruments struck southwest of the Sunda megathrust, 
within a period of a few hours. These strike-slip earthquakes induced significant coseismic 
displacements over a region that extends 2,500 km from the rupture zone of the Sunda plate (Section 
4.2.4). In addition, these events created a widespread postseismic deformation signal at the western 
margin of the Sunda plate. The cGPS measurements indicate that northern Sumatra and northwest 
Peninsula Malaysia are experiencing a larger postseismic decay amplitude, compared to the central 
and southern regions.  
 
 
The impact of the postseismic transients can be extensive, and the transient motion can 
dominate the secular plate motion for several months to decades (Freymueller et al., 2008). It is 
widely accepted that the rate of plate motion remains constant over geological time scales of a million 
years or longer (Gordon and Stein, 1992; DeMets et al., 2010), whereby a great earthquake is very 
unlikely to permanently alter the plate motion. In this chapter, the discrepancies between the 
measured vectors and those predicted by the Mid-Ocean Ridge Velocity (MORVEL) global plate 
motion model are reviewed. A new rotation vector for the Sunda plate is defined with respect to the 
ITRF2008, based on 15 selected cGPS sites that are within the stable block. The geodetic station 
selection in the estimation of the rotation vector is crucial and is discussed in Section 5.3. The secular 
velocity for the chosen cGPS sites must be as linear as possible, with a minimum level of geodetic 
deformation to best represent the tectonic plate motion. Consequently, the movement of the Sunda 




Euler’s Theorem is described in Kearey et al. (2009) as the tectonic plate movement over the 
Earth’s surface, which involves the motion of a moving portion of the tectonic block associated with 
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an angular rotation about its rotation pole. The rotation pole includes its antipodal point on the 
opposite of the Earth, whereby these two poles provide a single angular rotation for the tectonic plate. 
In general, there are two independent approaches to determining the Euler pole, however, both have 
nearly the same order of accuracy (DeMets et al., 2010). The first approach used geological and 
geophysical data (i.e. transform fault spreading rates and fault azimuth) to construct the tectonic plate 
motion model (Stampfli and Borel, 2002), e.g. the derived absolute model AM02 (Minster and Jordan, 
1978). The initial global plate motion model was constructed with only geological and geophysical 
data before long time-span geodetic observations were collected. The second approach uses geodetic 
observations, which today involve GPS measurements to estimate the angular velocity of tectonic 
plates, ideally over a time period of at least a decade (Sella et al., 2002). The estimation of angular 
velocity using the first method corresponds to long geological timescales in comparison with the 
second method, which has been developed since the 1980s. Since both methods result in a similar 
order of accuracy, the two approaches constitute an independent estimate of the plate motion. The 
latest global velocity model, MORVEL (DeMets et al., 2010), has incorporated both geological and 
geodetic estimates for a better interpretation of the global plate motions.  
 
 
The rates of tectonic plate motion are often referred to as the secular velocity, which indicates 
the long-term linear motion of a tectonic plate. However, this is not always true, as the available 
geodetic data span is short compared to the repeat period of the earthquake cycle, which is likely to 
be hundreds to thousands of years (McCaffrey, 2008). The relatively short period of GPS 
measurements cover only small fraction of the earthquake cycle. Transient events are one of the main 
sources that interrupt the steady motion of the tectonic plate, and it can be difficult to separate these 
motions from the long-term linear motion, especially when the observation data are short and noisy 
(McCaffrey, 2009a). Despite this, GPS measurements enables us to estimate the regional and global 
velocity field at an accuracy of 1 mm/yr or better (2σ confidence level), with careful modelling of 




Since all the tectonic plates constantly moving, plate motion is either defined as relative motion 
between plates (DeMets et al., 1990) or “absolute” motion (Minster and Jordan, 1978; Prawirodirdjo 
and Bock, 2004; Argus et al., 2011). The relative motion between tectonic plates is determined by 
selecting a stationary plate and then determining the relative motion of the second plate with respect 
to the first plate. However, the absolute plate motion is more complicated, as it can be defined in three 
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ways: (1) relative motion between the lithosphere (asthenosphere and outer crust) and the lower 
mantle (Kearey et al., 2009); (2) Wilson-Morgan fixed hot spot hypothesis (Minster and Jordon, 1978); 
and (3) specifying the plate velocities in terms of the no-net-rotation (NNR) reference frame (Argus 





5.3 The Present-Day Velocity Field of Sunda Plate 
 
 
To study the plate motion of Sundaland, a large and dense cGPS network that spans the SEA 
region is required because of the complexity of the plate interior deformation. The global velocity 
models, as described in Altamimi et al. (2012) and Kreemer et al. (2014) have insufficient 
spatiotemporal resolution to model the Sunda plate motion with high accuracy. The Simons et al. 
(2007) study provides a more reliable plate motion model for the Sunda plate. In the study, they used 
GPS measurements between 1994 and 2004 at 28 well-distributed GPS sites in southeast Asia to 
estimate angular velocity for the Sunda plate. Following Simons et al. (2007), there were a series of 
great earthquakes along the Sunda subduction trench, and elsewhere in the region (Chapter 4). The 
impact of these earthquakes on the Sundaland velocity field remains ambiguous. The most recent 
study on the Sundaland velocity field (Mustafar et al., 2017) had quantified the intra-plate 
deformation of Sunda plate based on two sets of GPS velocities: 1999–2004 and 2009–2011 data 
periods, however, they only focused at northern Borneo region. Section 4.2 highlights the extent of 
the widespread coseismic displacements and postseismic deformation caused by the series of great 
earthquakes. The long-term GPS measurements used in this study are therefore critical in providing 
a reliable Sundaland velocity field.  
 
 
The GPS velocity field derived in this study, with respect to ITRF2008, is based on position time 
series of up to 16 years. Each site velocity is extracted by linear regression of the position time series, 
correcting for transient deformation related to earthquakes. The root-mean-square (RMS) scatter of 
the daily solutions with respect to linear motion of the stations is ±1–3 mm, ±1–4 mm, and ±5–9 mm 
for the northing, easting and up components, respectively. The cGPS sites in the active deformation 
zone, particularly those located at the edge of the plate boundary or active seismicity regions, such as 
the Mentawai, Sumatra, and the Andaman–Nicobar Islands (Figure 5.2), which have highly irregular 
position time series that are excluded from the GPS velocity field derivation (Figure 3.7). 




Figure 5.2: The cGPS sites distribution in Southeast Asia used in this study. The solid black triangles represent 
all the available cGPS sites from Indonesia–SuGAR network (consisting of Sumatra, Sunda forearc archipelagos 
and Java Island); Malaysia–MyRTKnet and MASS network (Peninsular Malaysia, Sabah and Sarawak); and other 
ASEAN sites (Andaman Island (India), Singapore, Thailand and The Philippines). The red triangles denote cGPS 
sites used in the determination of the Sundaland Euler pole and absolute rotation vector.  
 
 
The procedure used to model the GPS velocity field includes the estimation of the coseismic 
offset(s) and the postseismic decay amplitude caused by the series of great earthquakes since 1999. 
These include the 2004 Mw 9.0 Aceh, 2005 Mw 8.6 Nias, 2007 Mw 8.5 Bengkulu, and the most recent 
2012 Mw 8.6 and 8.2 Wharton Basin earthquakes. Additionally, there are eleven Mw 7.0–7.9 and 
twenty Mw 6.0–6.9 earthquake events with moderate-to-large classes, but measurable, displacements, 
which were modelled at several sites (Section 4.2). The decade-long position time series enabled the 
estimation of the postseismic decay amplitude and decay period, but even so, there are only a few 
sites that include the entire earthquake sequence (Table 3.1). Some of the time series are too short to 
be able to distinguish the linear velocity from the transient velocity caused by the postseismic 
relaxation. This study found that the logarithmic function modelled the postseismic decay better than 
the exponential function and the power-law function in the series of postseismic relaxations (Section 
3.4). 
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The estimated GPS velocities, with respect to ITRF2008, suggest that the 2004 Mw 9.0 Aceh and 
2005 Mw 8.6 Nias earthquakes have changed the course of motion in northwest Peninsular Malaysia, 
from the southeast to the south-southeast direction. The change of direction in Peninsular Malaysia 
implies significant transient motion, likely to be the result of long-term postseismic relaxation 
following the two great thrust faulting events (Figure 5.3). Before the Aceh earthquake, Peninsular 
Malaysia moved at a rate of 27–34 mm/yr at an azimuth of 99°–115°. Following the earthquake, the 
velocity changed to 13–32 mm/yr at an azimuth of 102°–147°. This transient motion continued until 
the 2012 Mw 8.6 and 8.2 Wharton Basin earthquakes, after which the direction of the velocity vector 
returned to a similar orientation as had been present prior to the 2004 Aceh earthquake (100°–108°), 
but with a slightly lower velocity of 21–29 mm/yr (~16% reduction; Table 5.1; Figure 5.3). The 
transient deviation of the velocity orientation decreases with distance from the north to south, and 




Figure 5.3: The interseismic velocity fields of 9 chosen cGPS sites in Peninsular Malaysia defined in ITRF2008 
(Yong et al., 2016, Figure 3). Coloured arrows represent the velocity field for the period between 1999.0–2004.9 
(in magenta), 2005.2–2012.2 (in blue) and 2012.2–2014.9 (in black). 
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Table 5.1: Comparison of the velocity vector for sites located in Malaysia before 2004/05, 2005 to 2012 and 
post-2012 earthquakes. The order of sites in Peninsular Malaysia are sorted by high to low latitude. The sites in 
Sabah and Sarawak are ordered in eastwards direction 
Site 































ARAU 100.280 6.450 28 96 13 147 21 108 
GETI 102.106 6.226 32 98 25 123 24 103 
USMP 100.304 5.358 34 97 16 136 22 105 









31 97 20 111 29 100 
103.240 4.123 







































29 113 27 112 27 112 
113.094 3.240 














26 121 26 124 25 123 
117.882 4.263 
SAND 118.121 5.842 30 117 28 120 28 117 
* Sites that were relocated, upgraded or replaced by nearby site (within a 35 km range from 2005 onwards) are 
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The existence of significant transient velocities reduces the reliability of existing plate motion 
models for Sundaland. To illustrate the misfit in the velocity field, a test was performed to compare 
the estimated vectors in this study with four existing global models9: (1) MORVEL (DeMets et al., 2010; 
Argus et al., 2011), (2) CGPS (Prawirodirdjo and Bock, 2004), (3) REVEL (Sella et al., 2002) and (4) 
GSRM Version 1.2 (Kreemer et al., 2003). All the estimated vectors are assumed to be on the Sunda 
plate, while the global models the neighbouring microplates, such as the Burma plate, which are 
assumed to be part of the Sunda plate. The site vectors were estimated for four different periods: (1) 
1999.0–2014.9 (based on the long-term position time series in ITFR2008); (2) 1999.0–2004.9 (prior 
to the 2004 Mw 9.0 earthquake); (3) 2005.2–2012.2 (after the 2005 Mw 8.6 and before the 2012 Mw 
8.6 earthquake); and (4) 2012.2–2014.9 (after the 2012 Mw 8.6 earthquake). These velocity fields 
have accounted the coseismic displacements and postseismic deformation respectively to the 
corresponding great earthquakes (Section 3.4). The residual velocity fields for all the global models 
are generally similar and one of the plots between the ITRF2008 (this study) and the MORVEL velocity 
fields is shown in Figure 5.4. 
 
 
                                                          
9 These global models defined the Sunda plate as a coherent block that is separate to Eurasia, instead of being 
part of Eurasia. 




Figure 5.4: The residual plot of the estimated velocity field with the MORVEL Sunda plate-fixed for four 
different periods: (a) 1999.0–2014.9; (b) 1999.0–2004.9; (c) 2005.2–2012.2; (d) 2012.2–2014.9. The inset 
shows the frequency of the velocity residuals over five different velocity ranges.  
 




Figure 5.4: (continued) 
 
 




Figure 5.4: (continued) 
 




Figure 5.4: (continued) 
 
 
The agreement between the MORVEL with the ITRF2008 velocities (1999.0–2014.9) is good in 
Sarawak (Borneo) with an average misfit of 4.2 mm/yr (Figure 5.4a). However, there are notable 
misfits and systematic velocity residual patterns in the Mentawai, Sumatra, Sabah (Borneo) and 
Peninsular Malaysia regions. This is not unusual for sites that are located close to plate boundaries 
(i.e. Mentawai, Andaman and Sumatra) due to the wide spread deformation boundary, whereas 
intraplate deformation in northern Borneo (Sabah; Section 2.2.2) is a plausible reason for the higher 
velocity model misfit. In previous studies, Peninsular Malaysia has been treated as the undeformed 
core of the Sunda plate (Prawirodirdjo and Bock, 2004; Petersen et al., 2004; Altamimi et al., 2012; 
Gumilar et al., 2015), however, as shown in Figure 5.4, there is a significant model misfit due to 
postseismic deformation following the sequence of great earthquakes. The largest misfit is in the 
northwest region of Peninsular Malaysia, with an average misfit of 4.0 mm/yr before 2004 (Figure 
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5.4b), to 14.0 mm/yr in 2005–2012 (Figure 5.4c), and 5.7 mm/yr after 2012 (Figure 5.4d). Station 
BKPL in northwest Peninsular Malaysia has one of the largest misfits, with 35.1 mm/yr during 2005–
2012. The region characterised by these misfits spans the northwest and central-west of Peninsular 
Malaysia, indicating that the sites in this region are subjected to the largest transient deformation in 
Peninsular Malaysia and not ideal to use in the determination the plate rotation vector. Because of 
the misfit with the global plate model, the results show that only data pre-2004 can be used to 





5.4 Results and Analysis 
 
 
In this study, the MATLAB-based Euler Pole Calculator (EPC) developed by Goudarzi et al. (2014) 
is used to estimate the Euler Pole parameters. The sites with the following criteria were excluded 
from the definition of rotation vectors of the Sunda plate: (1) sites located close to the plate boundary: 
Andaman, Mentawai and west coast of Sumatra, and (2) sites with global plate model misfit exceeding 
10 mm/yr. The site selection criteria removed all but 15 of the 146 cGPS sites, which were selected 
for definition of the rotation vector of the Sunda plate (Figure 5.2). 
 
 
As all 146 GPS stations on the Sunda plate operate continuously, it is expected that these sites 
will determine better velocity estimates than campaign-based sites. This appears to be the case, 
whereby the north, east and up component weighted RMS (WRMS) misfits for the 146 cGPS sites are 
0.15, 0.18 and 0.58 mm/yr, respectively.  The estimated horizontal velocity component of the 
positions and the residual velocities of the selected 15 sites are listed in Table 5.2. A complete list of 
estimated velocities for all the cGPS sites is included in Appendix C. The coseismic and postseismic 
deformation from 34 significant earthquakes within the past 16 years (1999.0–2014.9) have been 
carefully modelled. The newly defined Sundaland Euler pole and absolute rotation vector is compared 
with the global models (Table 5.3). The location of rotation pole and pole error ellipses from this study 
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Table 5.2: Station coordinates of the sites used to determine the Euler Pole, observed ITRF2008 velocities, 1σ 
uncertainties and Sunda–fixed residuals 
Site 






EV   NV  VE VN 
ARAU 100.279 6.450 28.19 -3.11 0.66 0.53 3.19 4.33 
BAKO 106.849 -6.491 23.28 -6.27 0.11 0.08 3.10 -6.55 
BEHR 101.517 3.765 31.10 -4.03 0.18 0.14 2.86 5.86 
BINT 113.067 3.262 27.05 -11.33 0.04 0.05 0.83 1.45 
GETI 102.105 6.226 31.45 -4.29 0.09 0.08 2.88 7.45 
IPOH 101.126 4.588 33.00 -2.36 0.37 0.11 4.35 8.18 
KTPK 101.717 3.171 31.14 -3.74 0.04 0.03 3.24 5.61 
KUAL 103.139 5.319 31.38 -5.56 0.04 0.03 2.09 6.91 
KUAN 103.350 3.834 31.16 -3.77 0.04 0.03 3.98 5.94 
KUCH 110.195 1.632 27.64 -9.43 0.07 0.06 1.45 1.32 
MIRI 114.002 4.372 26.29 -9.25 0.03 0.03 3.31 1.19 
NTUS 103.680 1.346 30.06 -5.78 0.04 0.03 2.12 3.63 
SIBU 111.843 2.270 21.43 -11.35 0.10 0.08 0.27 -4.61 
USMP 100.304 5.357 34.06 -4.48 0.08 0.06 1.84 9.64 
UTMJ 103.640 1.566 30.97 -5.32 0.10 0.10 2.56 4.65 
 
 






Pole Rotation Parameter  Pole Error Ellipse 
χ2 
Lat, °N Lon, °E ω°/Myr  σmaj/lat° σmin/lon° Azimuth° 
REVEL Sella et al. (2002) 2 38.86 -86.94 0.393±0.062  10.2 0.8 110 0.24 
GSRM1.2-
NNR 
Kreemer et al. 
(2003) 




2 32.56 -86.80 0.462±0.064  7.0 0.8 113 4.00 
ITRF2000 Simons et al. (2007) 28 49.00 -94.20 0.336±0.007  1.9 0.3 111 1.03 
ITRF2000 DeMets et al. (2010) 18 48.50 -93.90 0.326  - - - - 
NNR-
MORVEL 
Argus et al. (2011) 2 50.06 -95.02 0.337±0.020  - - - - 
ITRF2008 
Altamimi et al. 
(2012) 
2 44.25 -87.30 0.388±0.308  - - - - 
GSRM2.1-
NNR 
Kreemer et al. 
(2014) 
11* 51.11 -91.75 0.350  - - - - 
ITRF2008 
Mustafar et al. 
(2017) 
14 48.05 -88.51 0.341±0.015  - - - - 
ITRF2008 This study 15 43.65 -86.64 0.357±0.030  4.6 2.3 116 0.66 
* The sites velocity used in Kreemer et al. (2014) were acquired from the literature (i.e. Socquet et al. (2006a); 
Simons et al. (2007); Yu et al. (2013). 
 




Figure 5.5: Euler rotation pole and pole error ellipses of Sunda plate as listed in Table 5.3. 
 
 
Peninsular Malaysia is significantly impacted by earthquake cycle deformation in the past 
decades. GPS measurements have shown that the postseismic decay following the 2004, 2005, 2007, 
2010 and 2012 earthquakes biased the velocity vectors from the edge of the west margin of 
Sundaland up to northwest Peninsular Malaysia. Any attempts to estimate Sunda plate motion need 
to take into consideration the postseismic deformations from all the great earthquakes, instead of 
only considering the postseismic deformation of the 2004 Aceh earthquake.  
 
 
This study shows that there are three key factors that affect the determination of the Sundaland 
Euler Pole: (1) the number and location of the sites used to define the rotation vector, (2) different 
definitions of an “un-deformed” region within the Sunda plate, and (3) the inclusion of coseismic and 
postseismic deformation for the large earthquakes in the vector estimation. The Euler rotation pole 
of the Sunda plate estimated in this study has agrees well with the pole defined in Altamimi et al. 
(2012) study. This is not unexpected, since both Sunda plate motions were determined based on a 
similar reference frame (ITRF2008). Altamimi et al. (2012) used only two sites (GETI and NTUS) on 
Peninsular Malaysia and Singapore to estimate the motion of the Sunda plate. One of the sites, GETI, 
has been experiencing land subsidence, induced by groundwater extraction, since 1999 (Section 6.4, 
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Yong et al., 2018). The subsidence from groundwater extraction has potentially perturbed the 
horizontal velocity field, leading to some shear strain in northern Peninsular Malaysia (Chapter 6). 
The plate motion model in this study includes more sites on the stable parts of the Sunda plate, and it 
is anticipated that a more robust plate motion model can be determined. The most recent study from 
Mustafar et al. (2017) made use of 14 GPS sites from Thailand (3), Borneo (2), Peninsular Malaysia 
(8) and Singapore (1) to estimate the Sundaland rotation pole and rate. Most of these sites are similar 
to the cGPS sites used in this study, except station SIS2, BNKK and KMIT in Thailand; KTPK, IPOH, 
BEHR, and SEGA in Peninsular Malaysia; and BINT in north Borneo. This study is limited by 
accessibility to the Thailand GPS data, whereby the remaining stations in Malaysia were excluded 
intentionally, as they did not fulfil the station selection criteria (Section 5.4). It is apparent that the 
resulting rotation pole depends on the geometry of the site selection, in which the inclusion of the 









The new rotation vector of the Sunda plate presented in this paper are based on 15 selected 
cGPS sites from pre-2004 earthquake period (1999.0–2004.9). This study also shows velocities from 
146 cGPS sites including three regional IGS sites. The GPS sites used in this study are solely permanent 
sites and have a decent spatiotemporal coverage than most of those used in the previous global 
velocity models of the Sunda plate. The number of GPS sites in the Malaysian regions enabled us to 
identify the inconsistency of the plate vector. The northwest region of Peninsular Malaysia, which is 
normally treated as the undeformed core of Sunda plate, has undergone significant postseismic 
deformation, with a model misfit up to an average of 14.0 mm/yr during the postseismic period in 
2005–2012. The new results show that the northwest of Peninsular Malaysia is experiencing a higher 
deformation rate than the south–central-east region. However, the postseismic deformation is 
transient, and may not result in permanent deformation.  
 
 
The series of great earthquakes at the boundary of the Indian–Australian and Sunda plates since 
2004 have significantly affected the Sunda plate velocity field. This study has shown that the extent 
of postseismic deformation has been underestimated in previous studies. Postseismic deformation 
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related to the 2004, 2005, 2007, 2010, and 2012 earthquakes was successfully detected and modelled 
with the long time series and densification of the network (see also Chapter 4). A further investigation 
of relative rotation vectors between the Sunda plate and neighbouring plates (i.e. the Eurasia, Burma, 
Australian, and Indian plates) is essential to understand the relative plate motion. 
 
 






It is well established that the pattern of geodetic strain rate is an indicator of the underlying 
geodynamic processes, for instance, the strain accumulation of a fault line (Savage, 1983; Walcott et 
al., 1987; Beavan and Haines, 2001). The strain rate tensor provides various aspects of ground 
deformation, including the maximum shear strain rate and dilatational strain rate. In the past two 
decades, the series of great earthquakes has caused widespread coseismic displacement and long-
term postseismic relaxation, which is also likely to alter the strain rate (Árnadóttir et al., 1999) of the 
Sunda plate.  
 
 
This study examines the spatial and temporal strain rate variations of the Sunda plate over the 
period 1999.0 to 2015.0. The strain rates of the Sunda plate have been addressed in previous studies 
(e.g. Socquet et al., 2006a; Simons et al., 2007; Mustafar et al., 2017), which mainly covered the period 
before the series of great earthquakes. Here, the shear and dilatation (areal) strain of the Sunda plate 
is examined for the period before, between, and after the series of great earthquakes. In this chapter, 
the results show an increase of shear strain rate in the Simeulue, Nias, and Pagai regions following 
the 2004 Aceh and 2005 Nias earthquakes, which significantly dropped after the 2012 Wharton Basin 
earthquake. High shear strain rates in the Pagai segment remained substantial throughout the period 
following the Aceh, Nias, and Wharton Basin earthquakes. Furthermore, the strain rate analysis 
identified local, non-tectonic, deformation within Peninsular Malaysia, a region regarded as 
tectonically stable, with low strain rates (<0.02 ppm/yr; Simons et al., 2007). The strain in Malaysia 
is mainly induced by localised land subsidence, in which the groundwater extraction activities in the 
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northeast coast of Peninsular Malaysia (Kuala Krai and Kota Bahru) and peat soil settlement in the 





6.2 The Geodetic Strain Rate Analyses 
 
 
In Chapter 5, postseismic deformation following the 2004 Aceh and 2005 Nias earthquakes 
were highlighted as an enormous influence on the Sundaland velocity field. Although the impact of 
the 2007 Bengkulu earthquake was severe, the post-earthquake deformation was relatively localised. 
The clear postseismic (logarithmic) signal of post-2004 and 2005 continued, until the most recent 
2012 Wharton Basin strike-slip earthquakes, which have greatly influenced the present-day 
Sundaland velocity field. The strain rates associated with transient postseismic deformation after the 
series of earthquakes varies both spatially and temporally. In this chapter, the maximum shear strain 
rates and dilatation strain rates are estimated using three velocity fields described in Chapter 5: (1) 
1999.0–2004.9; (2) 2005.2–2012.2; and (3) 2012.2–2015.0. The discussions in this chapter will focus 
on (2) and (3), due to the sparse data availability during the period in (1).  
 
 
Based on these three geodetic-based velocity fields, the bicubic spline interpolation technique 
proposed by Hackl et al. (2009) was used to determine the strain rate fields. Two scalar velocity fields 
were produced (north and east components) for each of the cGPS sites within a predefined grid. The 
cell size of the grid was determined by the average density of the cGPS sites, and a median value was 
estimated for each cell when the regional network is dense. The grids are later combined, and the 
derivatives of the north and east components are estimated to produce the two cross-term 
components. Subsequently, all four velocity fields are linearly combined and formed as the 
continuous representations of the strain rate tensor ( ?̇?𝑒 , ?̇?𝑛, ?̇?𝑛 and ?̇?𝑒). As deformation normally 
includes both strain and rigid body rotation, the tensor is derived based on the rate of change of 
displacement (velocity, 𝑣 ), over a distance or velocity gradient (𝛻𝑣).  The velocity gradient is 
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in which 𝑒  and 𝑛  represent east and north, 𝑣  denotes the GPS site velocity, and 𝐷  is the distance 

















































The tensor strain rate components in (6.2) are used to determine the principal value of strain 






[( ?̇?𝑒 + ?̇?𝑛) ± √( ?̇?𝑒 + ?̇?𝑛)
2 + 4 ?̇?𝑛
2 ], (6.5) 
 
 
where conventionally, a positive value indicates maximum extensional strain rate (?̇?1) and a negative 
value indicates minimal contractional strain rate (?̇?2). The derived geodetic velocity fields are used to 
examine the spatial and temporal variation of shear strain rate along the Sunda forearc, backarc and 
inner plate of Sundaland. Since the oblique convergence between the Indian–Australian and 
Sundaland plates will create shear strain within the overriding Sunda plate (McCaffrey, 1992), the 
maximum shear strain rate highlights active fault lines, as well as regions with high crustal 
deformation. Based on the maximum and minimum eigenvalues in (6.5), the maximum shear strain 






 ;  ?̇?𝑛 =
𝜕𝑣𝑛
𝜕𝐷𝑛



















in which the orientation of the shear strain, 𝜃, is a maximum when the principal angle (direction of 
?̇?1) is 45˚, relative to the principal axes (eigenvector) of strain rate tensor (Savage, 1983; Hackl et al., 









) ± 45°. (6.7) 
 
 
The tensor trace or dilatational strain rate corresponding to the extension and contraction of the 
surface area, which can be related to subduction interface coupling, is obtained based on Equations 
(6.1) and (6.5):  
 
 
𝑡𝑟(𝐸) = ?̇?𝑒 + ?̇?𝑛 = ?̇?1 + ?̇?2. (6.8) 
 
 
Strain rate analysis is sensitive to the quality of the estimated velocity field. A reliable 
estimation of strain rate is highly reliant on the cGPS network density, where a dense network 
provides redundancy to reveal outlier measurements (i.e. poor velocity estimation, pillar instability) 
from the velocity fields. The cGPS network in this study provides sufficient site density to quantify the 
seismic-related crustal deformation of the Sunda forearc (Section 6.3), as well as recognising localised 






6.3 Spatial and Temporal Variation of Strain Rates 
 
 
It is generally agreed that the strain rate at the plate boundary (Sunda forearc) is higher than 
the inner plate region (Sunda backarc and plate interior) in the subduction context (Kreemer et al., 
2003). Like many other subduction settings, the Sunda trench is located offshore, and therefore 
inaccessible to the land-based cGPS network. It is therefore challenging to geodetically quantify the 
strain rate along the Sunda forearc. In this study, the cGPS network is divided into three network 
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clusters in order to examine the spatial variability of the shear strain rate. With three different time 
periods of velocity fields (Section 6.2), the strain rate for each network cluster is examined. The first 
set of the velocity field, 1999.0–2004.9, is limited by the small number of available cGPS sites in that 
period. For example, the shear strain rate analysis along the Great Sumatran Fault (GSF), a highly 
segmented right-lateral trench-parallel system, is limited by the sparseness of the cGPS network, in 
which only two sites (PSKI and SAMP) within 75 km of the GSF at that point. A grid with a cell size of 
0.20˚ (~22 km) is used for the interpolation of the horizontal velocity field in order to provide 
adequate spatial coverage of the strain rates for the Sunda plate. It is possible this grid size may 
introduce strain rate artefacts; however, the results are similar to the strain rate principle axes 
published by Simons et al. (2007). The magnitude of the maximum shear strain rates was lower prior 
to the 2004 Aceh earthquake, with ṁax _𝑠ℎ𝑒𝑎𝑟  <0.10 ppm/yr at the Sunda forearc and ṁax _𝑠ℎ𝑒𝑎𝑟 
<0.01 ppm/yr in the Sunda inner core (Figure 6.1). The principle contraction directions are very 
consistent with the mechanics of oblique subduction (Figure 6.1) where the two plates do not 
converge at the right angle to the strike of the Sunda trench (McCaffrey, 2009b).  
 
 
Next, the two sets of velocity fields measured in (1) 2005.2–2012.2 (after the 2004 Aceh and 
2005 Nias earthquakes; before the 2012 Wharton Basin earthquake), and (2) 2012.2–2015.0 (after 
the 2012 Wharton Basin earthquake) are shown in Figures 6.2, 6.3 and 6.4. To obtain a velocity field 
for the strain rate estimation, the period between 2004.9–2005.2 was intentionally omitted, owing to 
the lack of cGPS sites in the region. Postseismic deformation caused by the 2004, 2005, and 2007 
earthquakes are likely to affect the 2005.2–2012.2 velocity field. Similarly, the 2012.2–2015.0 velocity 







In the near-field region, the Sunda forearc and plate interior both underwent a large increase 
in the maximum shear strain rate following the 2004 Aceh and 2005 Nias earthquakes. From 2005.2–
2012.2 the maximum shear strain rate was ~0.50 ppm/yr at the Simeulue and Nias Islands, which are 
reasonably close to the 2004 and 2005 earthquake epicentres (Figure 6.2A). It is very likely this is 
linked to the predominant postseismic deformation following of the 2004 and 2005 events. The 
principal strain rate principle axes show a varied pattern of extension, shortening, and shear 
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deformation. The strain rate principle axes between the Siberut and Sipura Islands segment showed 
a shortening strain rate field of 0.02–0.20 ppm/yr along the subduction interface. Further south, the 
Pagai and Enggano Islands indicated a shear strain rate of 0.20–0.50 ppm/yr, which are likely to be 




Figure 6.1: The maximum shear strain rates in the Sunda plate calculated from cGPS measurements between 
1999.0–2004.9. The thick red line indicates the plate boundary defined in Bird (2003). The thin red line 
indicates the known fault lines from Coffin et al. (1998), McCaffrey et al. (2009b), and JMG (2009). Red circles 
denote the active cGPS sites used in the strain rate analyses. The magnitude of maximum shear strain rate is 

























Figure 6.2: The maximum shear rates (A and B) and dilatation (areal) strain rates (C and D) of Sumatra 
calculated from cGPS measurements between 2005.2–2012.2 and 2012.2–2015.0. The strain rate principle axes 
(black arrows) indicate the scale of strain rate in a regular grid with a cell size of 0.08˚ (~9 km). The colour bar 
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In the Sunda plate interior, the strain rate of Peninsular Malaysia increases from ~0.01 ppm/yr 
prior to 2004.9 to ~0.05 ppm/yr after 2004.9. The postseismic deformation of the 2004 and 2005 
great earthquakes extending throughout the peninsula is most likely the reason for the overall strain 
rate increase (Figure 6.3A). A small but clear extensional trend along the west coast region has a 
maximum rate of 0.10 ppm/yr. This result agrees with the estimated 2004 and 2005 postseismic 
decay amplitude in Sections 4.2.1 and 4.2.2, where the trenchward afterslip is at its maximum in 
northwest Peninsular Malaysia. A significant extension and shortening pattern occurred in the 
northeast coast of Peninsular Malaysia with a maximum rate of ~0.22 ppm/yr. Localised land 
subsidence motion is found in this region, which is most likely caused by groundwater extraction 
(Yong et al., 2018). This signal was not discernible in the 1999.0–2004.9 velocity field (Figure 6.1), 
which may be due to a lack of cGPS sites for a sufficiently high spatial resolution. 
 
 
In the northern Borneo region (Figure 6.4A), the strain rate is generally small, with a magnitude 
of 0.01–0.02 ppm/yr. The impact of the series of great earthquakes (Section 4.2) is not noticeable in 
the strain rate field, which is further validation that the velocity field in northern Borneo is more 
stable, temporally (Section 5.5). However, Figure 6.4 shows that the maximum shear strain rate is 
elevated at Sri Aman, in the southwest of Sarawak. Rasidi (2016) reported that the cGPS Sri Aman 
(AMAN) monument is tilting and subsiding, for which the settlement of peat soil in Sri Aman (Hooijer 
et al., 2015) is a plausible reason. However, this hypothesis needs to be verified (Yong et al., 2016). At 
the centre of northern Borneo, Mustafar et al. (2017) suggests an extensional trend in the coastal 
region between MIRI and NIAH (2009–2011) with an absolute strain rate of >0.07 ppm/yr. This study 
(2005.2–2012.2) found a similar extensional strain pattern, but at a slightly lower strain rate of 0.02–
0.05 ppm/yr. The minor difference in strain rate is negligible, as it is most likely caused by the 
different time span of the velocity field estimation. Further north, the coastal region of northern Sabah 
has been found to be experiencing a minor extensional strain rate of ~0.015 ppm/yr. This result 
agrees with Sapin et al. (2013) where they found that the NW Borneo wedge (4.5°N–6.9°N, coastal 
region) is undergoing diffuse extensional motion, sliding from the NW Borneo hinterland into the NW 
Borneo Trough. In contrast, Mustafar et al. (2017, Fig. 10a) demonstrated opposing results with the 
region experiencing contraction (shortening deformation). They found that the UMSS station behaves 
strangely, whereby this site is moving faster eastwards than the other stations, resulting in a 
contraction strain pattern. However, this study did not find such a velocity anomaly at this station, or 
any elevated contractional strain rate.  





Figure 6.3: The maximum shear strain rates of Peninsular Malaysia calculated from cGPS measurements 
between (A) 2005.2–2012.2 and (B) 2012.2–2015.0. The strain rate principle axes (black arrows) indicate the 












Figure 6.4: The maximum shear strain rates of northern Borneo calculated from cGPS measurements between 
(A) 2005.2–2012.2 and (B) 2012.2–2015.0. The strain rate principle axes (black arrows) indicate the scale of 










































The 2012.2–2015.0 maximum shear strain rate maps (Figure 6.2B, Figure 6.3B and Figure 6.4B) 
and dilatation strain rate map (Figure 6.2D) are estimated from the current velocity field of the Sunda 
plate. The magnitude of the strain rate has dropped somewhat throughout the entire Sunda plate 
since the 2012 Wharton Basin earthquakes. Along the Sumatra forearc (Figure 6.2B), the Udjung 
Muloh (station UMLH, northern Sumatra) is the only region that shows a rise in the strain rate from 
~0.21 ppm/yr to ~0.42 ppm/yr. The afterslip of 2012 strike-slip earthquakes has most likely elevated 
the magnitude of the extensional strain rate of this region. However, the low spatial density of cGPS 
sites in northern Sumatra limits any further strain rate analysis on the impact of the afterslip. 
Towards the southwest, from Simeulue Island to Siberut Island, the maximum shear strain rate has 
significantly decreased in magnitude yet a similar contractional strain pattern persists. Postseismic 
deformation decreases in time since after the 2004 Aceh, 2005 Nias and 2007 Bengkulu earthquakes, 
having said that, the 2012 Wharton Basin earthquakes have also played a vital role towards the Sunda 
forearc that resulted in a drop in the strain rate (Section 7.4). Further southwest, the Pagai Islands 
have a similar strain rate compared to before the 2012 Wharton Basin earthquake, but with a broader 
zone of contraction (Figure 6.2B). This contractional pattern can be related to the transient effect of 
the 2007 Bengkulu earthquake that dominated the region (Section 4.2.3). Apart from this region, the 
Enggano Island segment shows a reduced magnitude of maximum shear strain rate, from ~0.18 
ppm/yr to ~0.04 ppm/yr. The 2007 postseismic transient in Enggano region is relatively minor 
compared to other regions. The localised contractional strain rate in Enggano for the 2005.2–2012.2 
period has reduced over time.  
 
 
 The maximum shear strain rate between 2012.2–2015.0 in both Peninsular Malaysia (Figure 
6.3B) and northern Borneo (Figure 6.4B) illustrates similar patterns to the earlier time period (Figure 
6.3A and Figure 6.4A). In northern Borneo, the extensional trend continues in Sri Aman. A similar 
temporal variation is the apparent horizontal deformation in the NW–SE direction of relative 
extension. The northeast coast of Peninsular Malaysia has two independent velocity fields for which 
both strain field maps show comparable extension and contraction trends in Kuala Krai region. This 
result, which is similar to the 2005.2–2012.2 result, further validates the occurrence of the localised 
deformation caused by the groundwater extraction-induced land subsidence.  
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6.4 Localised Land Subsidence in Northern Kelantan 
 
 
Most of the deformation associated with the 2004 Mw 9.0 Aceh, 2005 Mw 8.6 Nias, 2007 Mw 8.5 
Bengkulu, 2012 Mw 8.6 and Mw 8.2 Wharton Basin earthquakes shows a clear pattern of spatial and 
temporal variations of the maximum shear strain rate on Sunda plate, as described in Section 6.3. In 
addition to the seismically derived deformation, non-seismic deformation has also been highlighted. 
The maximum shear strain rate, which is relatively low throughout Peninsular Malaysia (Yong et al., 
2016), is generally below 0.02 ppm/yr. This would indicate that Peninsular Malaysia is essentially 
rigid, with minimal crustal deformation.  
 
 
In the Kelantan region, the map of shear strain rates (Figure 6.3) shows an anomaly in the 
vicinity of Kuala Krai and Getting, where the level of shear strain rate is 0.22 ppm/yr. As shown in 
Figure 6.5, this is also an area undergoing rapid land subsidence (GETI, KRAI, PASP, and SETI). Karim 
et al. (2014) pointed out that the aquifer system in Kelantan is a deep alluvial basin with a deep seated 
flow line at a regional scale. Therefore, groundwater extraction in northern Kelantan State reduces 
the groundwater level and, hence, creates a subsidence pattern reflected in a high level of strain on 
the ground surface (Figure 6.5), when the production rate exceeds the groundwater recharge rate. 
The size and shape of the extraction area dictates the type of subsidence pattern. In other words, the 
subsidence pattern on the ground surface, measured by the cGPS sites, reflects the regional land 
subsidence. Tandanand and Powell (1991) characterised the extraction area (Figure 6.6), by stating 
that the region of subsidence shows a dilatation strain pattern that is associated with contractional 
strain in the centre. Pradhan (2009) revealed that the flood areas shown in the susceptibility map 
coincide spatially with the contractional strain for the period of 1999–2016 (Pradhan, 2009, Figure 
5).  
 




Figure 6.5: Dilatational strain rate in the Kelantan State based on the selected cGPS sites. The dilatation rate 
colour bar indicates contraction in blue (negative) and extension in red (positive). The grey region represents 
areas where there is insufficient data to reliably estimate strain rates. The strain rate principle axes in Figure 
6.3A are similar (magenta). The black arrows designate the GPS vertical measurements. Red circles denote cGPS 








The dilatation strain rate shows the relative rate change on the land surface, in which positive 
values represent extension and negative values represent contraction (Figure 6.5). Contraction 
appears to be significant along the eastern side of Kelantan River, which coincides with the majority 
of the production wells (Yong et al., 2018, Figure 2). As the pattern of compression is centred on Kuala 
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Krai (KRAI) this may have been influenced by neighbouring regions undergoing extension. For 
example, the sites GETI, KRAI, PASP, and SETI are being displaced faster towards to the centre of 
subsidence than the outer sites (AYER, GMUS, KUAL, and TERI). Thus, the combined effect of rapid 
subsidence between Kuala Krai and Getting would be to form a bowl-like pattern with contraction in 
the centre and extension around the rim. It is reasonable to hypothesise that the extension pattern 








The strain rate tensor is a crucial parameter for ground deformation and seismic hazard 
assessment. In this chapter, the maximum shear strain rates are mapped across the Sunda plate using 
up to 16 years of regional cGPS data. The Sunda plate velocity field used in the strain rate estimation 
is based on an average precision of <1 mm/yr at 2σ uncertainties (95% confidence level). Based on 
strain rate analysis, the deformation of the core of Sunda plate is minor or defined as an “undeformed” 
core by Simons et al. (2007) for the period prior to 2004.9. Exceptional cases, such as in Kuala Krai 
(Peninsular Malaysia), and Sri Aman (east Malaysia–Sarawak) are experience localised deformation 
events, which have been quantified for the first time. In addition to these localised deformation events, 
west Malaysia is still undergoing transient postseismic deformation due to the 2004 and 2005 thrust-
fault earthquakes. The strain rate dropped after the 2012 Wharton Basin earthquakes. The 
transposition of shear strain rate in the Sumatra region before and after the 2012 Wharton Basin 
earthquakes suggest that the potential of fault locking in the Nicobar-Simeulue segment has increased. 
With the current strain rate analysis, these results indicate the temporal change of strain accumulates 
along the inhomogeneously locked subduction trench. At some point, however, strain rate changes 
resulting from a series of earthquakes occurs. The maximum shear strain rates near the Sunda plate 
boundary are useful for indicating the creeping and locked segments of the Sunda forearc. To further 
examine the level of locking coefficient along the Sunda subduction trench, the next chapter will focus 
on estimating the degree of interseismic locking on the subduction interface.  
 
 






Every subduction zone has an ability to store elastic strain energy from stress build up. This 
elastic strain build-up is due to frictional locking between the plates. The degree of locking can be 
explained by several factors, for instance, the convergence rates, trending (dip angle) of the 
subduction interface (Uyeda and Kanamori, 1979), temperature of the plate interface (McCaffrey, 
1993), age of subducting slab, trench system collision with sediments and seamount ridges (Kelleher 
and McCann, 1976), upper plate deformation (McCaffrey, 1993), and others (i.e. absolute plate motion, 
back-arc spreading). The role of many of these subduction parameters in subduction locking and 
seismogenesis may remain controversial (Pacheco et al., 1993), but they certainly play some role in 
the occurrence of subduction earthquakes.  
 
 
Plate coupling processes on the subduction interface, often result in a complex velocity field on 
the overriding plate (McCaffrey, 2002; Wallace et al., 2004b). Geodetic measurements from the cGPS 
help to constrain the strain rates and vertical motion rates. However, the long-term tectonic block 
rotation and short-term (interseismic) elastic deformation due to fault coupling are often modelled 
using an elastic, rotating block approach (McCaffrey, 2002). A block model is based on the assumption 
that the crust of the Earth is comprised of multiple rigid tectonic blocks. These blocks are separated 
by faults where these faults can be either be coupled (locked) or freely slipping (creeping) in the 
interseismic period. In the Sunda subduction system, the overriding plate consists of three distinct 
blocks: Burma block, Sunda forearc sliver block, and Sunda block, along with the Indian–Australian 
subducting plate. The boundaries of these blocks are distinguished by the Great Sumatran strike-slip 
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fault system (Sieh and Natawidjaja, 2000), Andaman Sea back-arc basin (Curray, 1989) and other 
geographical features (i.e. volcano belts). The level of locking (also known as the degree of coupling 
or coupling coefficient) along a fault line varies, both spatially and temporally. They can be empirically 
quantified by estimating the elastic strain that store along the fault line, when two or more adjacent 
blocks are not freely slipping or locked (McCaffrey et al., 2007).  Continuous GPS measurements can 
be used to constrain of the coupling distribution of the subduction interface, as well as the kinematics 
of the block rotations (McCaffrey, 2002; McCaffrey et al., 2007; Wallace et al., 2004b).  
 
 
The Sunda trench is a classic example of slip partitioning where the Indian–Australian plate 
obliquely converges and subducts beneath the overriding Sunda plate (Fitch, 1972), and also creates 
multiple trench-parallel fault systems (Sieh and Natawidjaja, 2000; McCaffrey, 2009a; Section 2.2.1). 
This type of fault geometry also exists in some other subduction trench systems such as the Marianas 
Trench, the Philippines (Fitch, 1972; Barrier et al., 1991; Yu et al., 1993). The overriding plate forms 
a broad deformation zone that is tectonically complex based on the observed geodetic measurements 
and estimated velocity fields. The interseismic velocity field (during the period between great 
earthquakes) in the plate boundary zone is often dominated by the independent motion of the crustal 
blocks during the interplate coupling process (Wallace et al., 2004a, b; Section 5.4). The velocity field 
will also contain additional geophysical signals including interseismic coupling along the faults 
between the blocks, that requires care to isolate these geophysical signals (Wallace et al., 2004a).  
 
 
In this chapter, two tectonic deformation timescales are studied at the Sunda subduction zone: 
(1) interseismic (between great earthquakes) elastic deformation due to coupling on the subduction 
interface between the overriding Sunda plate and the subducting Indian–Australian plate; and (2) 
elastic coseismic (short-term) modelling for two types of earthquake focal mechanisms, thrust (2004 
Aceh) and strike-slip (2012 Wharton Basin) earthquakes, that have influenced the present-day 
deformation of the Sunda plate. Four sets of GPS-derived interseismic velocity fields are used to 
estimate the distribution of interseismic coupling on the Sunda subduction zone. These velocity fields 
include the published vectors from Prawirodirdjo et al. (2010), (1) 1991.0–2001.0 and (2) 2001.0–
2007.0, as well as the estimated vectors from this study spanning the period (3) 2007.0–2012.2 and 
(4) 2012.2–2015.9. The interseismic velocity fields were split accordingly to the great earthquakes 
between 2004 and 2012 (Section 4.2). The GPS-observed coseismic deformation of the 2004 and 2012 
earthquakes (Sections 4.2.1 and 4.2.4) estimated in this study are combined with the published offsets 
(Subarya et al., 2006) to provide a dense coverage of the surface displacements for the elastic 
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coseismic modelling. This study, therefore, supplements the analyses performed by Prawirodirdjo et 
al. (2010), who studied the interseismic coupling between 1991.0–2007.0 by combining the 
campaign-based GPS and cGPS; Vigny et al. (2005), who studied the 2004 Aceh rupture kinematics 
using cGPS data; and Hill et al. (2015), who examined the 2012 Wharton Basin earthquake sequence 
using seismic and geodetic data. The new data in this study provide important insights into the 
development of the pre-earthquake period (indicated by maximum aseismic loading of the 
subduction trench) to the coseismic period followed by the postseismic period (aseismic unloading 
of the subduction trench). This study also assess re-entry into the interseismic period (aseismic 
reloading of the subduction trench). Finally, the elastic coseismic model of the 2004 and 2012 events 





7.2 Data Analyses and Modelling Approach 
 
 
Several different analysis and modelling methods have been used in this chapter to describe 
the contemporary deformation of the Sunda plate. These methods include block modelling, elastic 
dislocation modelling and planar source modelling. This section will discuss the theory underlying 
these methods, as well as the interseismic velocity fields and coseismic displacements that have been 
used as input data. This chapter utilised the TDEFNODE program (McCaffrey, 2009a; 2015) to 
perform the forward modelling and inversions for the interseismic coupling, as well as estimating the 
coseismic slip with the elastic half-space dislocation algorithm (Okada, 1992). 
 
 
Interseismic Velocity Field 
 
 
Four sets of GPS-derived interseismic velocity fields were used in the estimation of interseismic 
coupling occurs on the subduction interface. The first two sets of the velocity fields represent the 
period prior to and after the Aceh earthquake (Figure 7.1A and 7.1B, respectively), and were both in 
the Sundaland-fixed reference frame (Prawirodirdjo et al., 2010). The latter two sets of velocity fields 
estimated in this study were estimated using cGPS measurements in the ITRF2008 reference frame. 
These velocity fields were then mapped to a Sunda plate-fixed reference frame using the HTDP 
software (Pearson and Snay, 2013), which can transform velocities between reference frames. The 
rotation pole of the Sunda plate was defined in Section 5.4. The vectors for the period between 2007.0 
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and 2012.2 (Figure 7.1C) represent the postseismic period after the Aceh and Nias earthquakes, and 
prior to the Wharton Basin earthquakes. This velocity field consisted of interseismic deformation and 
a clear postseismic signal as a result of the Aceh and Nias earthquakes along the Sunda forearc and 
Peninsular Malaysia, suggesting that these megathrust earthquakes significantly affected the 
interseismic velocity field between 2007.0–2012.2. Lastly, the velocity field between 2012.2 and 
2015.9 (Figure 7.1D) represents the period after the 2012 Wharton Basin earthquakes. The present-
day, well-constrained cGPS observations indicates that the Aceh and Nias postseismic deformation 
on the overriding Sunda plate was drastically reduced following the Wharton Basin strike-slip 
earthquakes. All four sets of interseismic velocity fields, which are mapped under a similar reference 
frame, are used to examine the temporal variations of the interseismic coupling on the Sunda 




Figure 7.1: Interseismic velocity fields relative to Sunda plate (at 1σ uncertainties) spanning the period (A) 
1991.0–2001.0 (Prawirodirdjo et al., 2010); (B) 2001.0–2007.0 (Prawirodirdjo et al., 2010); (C) 2007.0–2012.2; 
and (D) 2012.2–2015.9. The rotation pole for the Sunda plate was estimated in Section 5.5 (Yong et al., 2017). 
A 





Figure 7.1: (continued) 
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Figure 7.1: (continued) 
 
 
Block models of Sunda plate and fault locking strain 
 
 
Tectonic block theory is widely employed for the modelling of earthquakes and interseismic 
plates coupling (McCaffrey, 2002; Wallace et al., 2004b; Socquet et al., 2006b). As described in Section 
7.1, the boundaries of the tectonic blocks can be defined by the strike-slip faults, back-arc basin, 
and/or thrust belts. In this study, the tectonic blocks are separated into four elastic blocks: (1) Indian–
Australian, (2) Sunda shelf, (3) Sunda forearc, and (4) Burma, which were separated by the Sunda 
subduction trench, the Sumatran fault and the back-arc spreading system of the Andaman Sea (Coffin 
et al., 1998; Bird, 2003; Figure 7.2). In previous studies, the rotation pole for the forearc sliver motion 
relative to Sunda plate is thought to be located at 12°N, 117°E, and ω = –0.7°/Ma (Prawirodirdjo et 
al., 1997), and the Indian–Australian plate rotation pole relative to Sundaland is given by the MORVEL 
at 7.7°S, 128.8°W, and ω = –0.697°/Ma (DeMets et al., 2010). These rotation poles are far apart, 
meaning that the angular velocities of these blocks are distinctive to each other. Unlike the case in 
New Zealand Hikurangi subduction trench, the pole of the overriding microblocks is closer to the plate 
boundary zone (Wallace et al., 2004). In the Sunda subduction system, the margin-normal component 
D 
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of relative motion (between the Sunda forearc and Indian–Australian plates) occurs on the 
subduction interface, whereas, the margin-parallel component takes place on the Sumatran fault 
system (strike-slip faults) within the overriding plate (Fitch, 1972; McCaffrey, 1992; Sieh and 
Natawidjaja, 2000). The partitioning of oblique plate convergence, accommodated by strike-slip 




Figure 7.2: Elastic crustal block configuration described in this chapter. The surface traces of known fault lines 
are shown as red lines (Coffin et al., 1998; JMG, 2009; McCaffrey, 2009a). The backarc spreading ridge and 
transform fault in Andaman Sea as in Bird (2003, Figure 4). Inset illustrates the slab geometry of the Sunda 
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The boundary of all four elastic crustal blocks are separated by six faults, whereby three out of 
six are bounding faults where they were used to close blocks. In other word, these faults are used to 
form the enclosure to block perimeters with nodes only at the surface and they are treated as free-
slip boundaries. The along-strike nodes are generalised, in order to give the best representation of 
the fault lines at depth. There other three faults, Sunda trench, Sumatran Fault System (SFS) and 
Indian-Burma fault, consist of detailed fault geometries. For example, the geomorphic offset along the 
Sumatran Fault System (SFS) is ~20 km across the fault (Sieh and Natawidjaja, 2000), and there are 
several published versions of the SFS geometry (Coffin et al., 1998; Sieh and Natawidjaja, 2000). This 
study used 35 along-strike nodes with an average node spacing of 50 km from Coffin et al. (1998) to 
represent the SFS. Since there were limited GPS observation points in the Sunda forearc (Figure 7.2), 
this study applied a single node parameter index on the SFS to persist the simplicity and to avoid 
over–parameterisation of the model. The remaining bounding faults use the parameters and surface 
traces in Bird (2003). The Sunda subduction trench is the only fault interface with a hybrid structural 
model, adapted from Subarya et al. (2006) (0˚–17˚N) and Hayes et al. (2012) (0˚–8.2˚S). This modified 
structural model consists of 552 nodes (46 along-strike nodes and 12 down-dip nodes); spaced, on 
average, every 75 km along-strike, and at depths of 4, 7, 10, 14, 19, 25, 32, 40, 51, 63, 76, and 90 km 
(Figure 7.2, inset; see also Appendix D for node positions). A quadrilateral or planar trapezoid is 
formed by specifying numerous adjacent nodes (small patches between four nodes). Due to the small 
trapezoid between the nodes on the fault, the sub-regions remain as trapezoids and therefore not 




Figure 7.3: The representation of nodes as the fault surface geometry and the slip processes integrated across 
a fault (McCaffrey, 2002).  
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The long-term slip velocity at the specify nodes along the bounding faults is defined by the Euler 
poles between two adjacent blocks. This fault slip velocity 𝑣 estimated from the relative motions of 
two blocks, 𝑖 and 𝑗, is defined under a common reference frame 𝑅 (McCaffrey, 2002):  
 
𝑣𝑖 𝑗 = 𝑣𝑅 𝑗 − 𝑣𝑅 𝑖 . (7.1) 
 
Slip along a fault usually does not occur steadily as a result of fault locking. The elastic strain 
rate from spatially and temporally variable slip rates can slowly accumulate during the interseismic 
period across the Sunda subduction interface. Such variation is likely to be detectable within the 
uncertainties of the cGPS measurements. It is important to determine the accumulated elastic strain 
that is stored in the subduction zone that will potentially be released in a future earthquake. The 
velocity disparity due to fault locking is calculated by applying the Savage (1983) back-slip method 
together with the Okada (1985) formulation in a homogeneous elastic half-space. The fault locking 
(coupling) coefficient (or slip rate fraction) Φ with a range from 0 to 1 is used to describe the portion 
of the fault area that ranges from freely slipping (Φ = 0) or strongly coupled (Φ = 1). For each node, 
multiplying the relative slip rate 𝑣 by the scalar coupling coefficient Φ gives the slip rate deficit vector 
𝑣Φ across the fault. The slip rate deficit reflects the amount of expected interseismic slip on the fault 
that is not accommodated by the steady aseismic creep (McCaffrey, 2002).  
 
 
The downhill simplex minimisation approach (Press et al., 1989; McCaffrey, 2002) is used in 
invert GPS velocities for the best fitting Euler poles of elastic blocks and slip fractions for faults 
between the blocks. The reduced chi-square 𝜒𝑣
2 is used to indicate the misfit between the data and 
model vectors in the inversion (McCaffrey, 2002),  
 
𝜒𝑣







where 𝑛  is the number of observations, 𝑃  is the number of free parameters, 𝑟  is the residuals 
(observed minus modelled vector), 𝑓 is the scaling factor of data uncertainty, and 𝜎 is the formal data 
uncertainties. Several studies (Zhang et al., 1997; Mao et al., 1999; Williams et al., 2004) have 
highlighted that the formal GPS velocity uncertainties can be underestimated by an order of 2 to 6 
(Section 3.4). In this study, the scaling factor is used to balance the weighting applied to the input 
dataset. The value of scaling factor is determined by considering the following aspects: (1) The 
velocity fields estimated from the published campaign-based measurements and the vectors 
estimated from the cGPS measurements in this study are at a different level of precision; and (2) The 
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interseismic velocity field estimated between the 2004 and 2012 earthquakes (Section 4.2) may 
contain one or more postseismic signals. In order to achieve a chi square fit close to one by using the 
weighting (scaling factor) can resulted a pessimistic interseismic coupling model. There are limited 
number of stations in this study that are located close to the subduction interface, the scaling factor 
must be reasonable to avoid the velocity field be overinterpreted. Moreover, the weighting of the 
scaling factor will only affect the uncertainties, but not the velocity vectors. 
 
 
In this study, the inversions for interseismic plate coupling Φ was fixed at 0 (freely slipping) at 
the deepest nodes along the Sunda subduction trench. This assumes that the fault locking ceases by a 
depth of 90 km. A constraint of Φ = 1 (fully coupled) is imposed where the trench intersects the 
surface, decreasing linearly downdip; in other words, for a given node, the value of Φ decreases less 
than or equal to the node directly updip. This creates a smooth transition from locked on the trench 
surface to unlocked at depth (3 free parameters). The along-strike nodes on the subduction interface 
were variably locked, which involved 15 free parameters in the variable locking inversions. This is an 
appropriate representation of Sunda subduction interface, as there is no clear geodetic evidence of 
aseismic surface creep, or slow slip events, on the trench (Prawirodirdjo et al., 2010). Tsang et al. 
(2015) interpreted the uplift and subsidence of coral microatolls records as a 15 year-long slow slip 
event on the subduction trench below the Banyak Islands between 1966 and 1981. However, it is 
possible that such an event has not been observed with cGPS instrumentation since the near-field 
cGPS network, SuGAr (Section 2.2.1), has been operating for only 14 years (from 2002.0–2015.9).  
 
 
Dislocation Modelling of Interseismic Coupling and Earthquakes 
 
 
Elastic half-space dislocation theory is widely used for modelling the interseismic plate 
coupling and earthquake deformation (Matsu’ura and Sato, 1989; Wang et al., 2003; Wallace et al., 
2004b; McCaffrey, 2005; Prawirodirdjo et al., 2010). This theory was first introduced to the field of 
seismology by Steketee (1958) who demonstrated that the displacement field 𝑢𝑖(𝑥1, 𝑥2, 𝑥3), due to a 




















)] 𝑣𝑘𝑑Σ, (7.3) 
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where 𝛿𝑗𝑘  is the Kronecker delta, 𝜆  and 𝜇  are Lamé’s constants, 𝑣𝑘  is the direction cosine of the 
normal to the surface element 𝑑Σ, and 𝑢𝑖
𝑗  is the 𝑖th component of the displacement at (𝑥1, 𝑥2, 𝑥3) due 
to the 𝑗 th (to 𝑘 th) direction point force of magnitude 𝐹  at (𝜉1, 𝜉2, 𝜉3).  This expresses the surface 
displacements as a result of buried shear and tensile faults in a homogeneous half-space, or in the 
Cartesian coordinate system (Okada, 1985; Figure 7.4a). In Figure 7.4a, the elementary dislocation 
parameters 𝑢1, 𝑢2, and 𝑢3 correspond to the strike-slip, dip-slip, and tensile (rake) components of an 
arbitrary dislocation. Each vector represents the dislocation movement of a hanging wall block 
relative to a footwall block.  
 
 
To deal with a more complex fault model or to model a non-uniform locked or creeping 
subduction trench, the surface displacements from multiple fault patches are summed together. 
Okada (1992) extended his work to calculate the internal deformation fields due to shear and tensile 
faults in a half-space. Based on the relations given by equation 7.3 and body force equivalent, the 
internal displacement field 𝑢°  (strike-slip, dip-slip, tensile, and/or inflation point sources) can be 
quantified as the combination of the displacement fields due to the strain components, 𝜕𝑢𝑗 𝜕𝜉𝑘⁄ . The 
closed analytical expressions for each displacement field enable the calculation of the internal strain 




Figure 7.4: (a) Geometry of the elastic dislocation source model (Okada, 1985), and (b) Coordinate system of 
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7.3 Interseismic Coupling  
 
 
To evaluate temporal variations in locking between the subducting Indian–Australian plate and 
the associated overriding blocks (see Section 7.2), the published interseismic velocity fields of 
1991.0–2001.0 and 2001.0–2007.0 (Prawirodirdjo et al., 2010), as well as the present-day 
interseismic velocity fields of 2007.0–2012.2 and 2012.2–2015.9 from this study (Section 5.4) are 
examined. The model comprises the subducting Indian–Australian, the forearc sliver, the Burma and 
the Sunda blocks. This study performs inversions to estimate the rotation poles for the forearc sliver 
and the Burma blocks while simultaneously defining for the locking coefficient on the subduction 
interface. The apriori values of these poles are referred to the published values in Prawirodirdjo et al. 
(1997) and DeMets et al. (2010), as discussed in Section 7.2. The estimated rotation pole for the 
forearc relative to the Sunda plate is near 10.5°N, 87.5°W, and a rotation rate of –0.31°/Ma ± 0.5°/Ma. 
The rotation pole for the Burma block is 0.9°S, 61.6°W, and ω = 0.68°/Ma, however, with very large 
uncertainties due to the narrow distribution of the observations (Figure 7.8, inset). Since this study 
is focused on the temporal change of the coupling coefficient along the subduction trench, the rotation 
and variable plate coupling are treated consistently throughout all four interseismic periods.  
 
 
The major constrains in interpreting the plate coupling along subduction zones based on the 
cGPS measurements is the lack of spatial resolution, especially at the edge of plate boundary. This 
part is usually the shallowest down-dip portion of the subduction interface, where the earthquake 
processes occur. Sumatra is a unique case where there are forearc archipelagos extending the 
coverage further from the Sumatra coastline, sited on top of the contours of the subduction interface 
depth between 10 to 20 km (Figure 7.2, inset). To verify how far offshore the cGPS network can 
resolve variations in slip rate deficit (Figure 7.5), a checkerboard resolution test was conducted. 
Based on the hybrid subduction interface (Section 7.2), this study discretised the slab into patches 
with 150 km along strike ⨉ 20 km along dip width. Then, a phi (ϕ) distribution alternating between 
fully and freely coupled patches is determined to calculate the synthetic GPS velocities at all cGPS sites 
(Figure 7.5a). A white noise characteristic of the estimated uncertainties was introduced to estimate 
the synthetic velocities.  The inversion of the synthetic velocities (Figure 7.5b) indicates a sensibility 
to the locking coefficient along the Sunda subduction interface. It is clear from the checkerboard test 
that the ϕ estimates are less well resolved for the offshore regions and northern Sumatra due to 
limited number of cGPS sites.   
 




Figure 7.5: Results of resolution test for locking on the Sunda subduction interface. (A) the synthetic input 
locking pattern. The discretized patches are approximately 150 x 20 km. (B) the recovered locking distribution 
by inversion of the white noise data generated by the forward model. The transparent grey area shows the 
resolved patches of the slab. Phi (ϕ) refers to the degree of coupling, where ϕ value of 1.0 means full 
interseismic coupling, and 0 means no coupling (aseismic creep). The white circles indicate the available sites 
in this study. 
 
 
The first set of interseismic velocity fields covers the period before the 2004 Aceh and 2005 
Nias earthquakes, where it is assumed that the velocity field is stable with minimal long-term 
interseismic deformation in the region. Next, the 2001.0–2007.0 interseismic velocity field is 
assembled based on a mixture of the campaign-based GPS data and cGPS data in the Prawirodirdjo et 
al. (2010) study. They did not model the interseismic coupling in the northern region of the Sumatra 
forearc that was dominated by the Aceh and Nias earthquakes. However, their study did not explicitly 
discuss the influence of Aceh and Nias postseismic afterslips that is likely to remain in the estimated 
velocity vectors. However, in Sections 4.2.1 and 4.2.2, it has been shown that there is substantial 
postseismic afterslip on the western margin of the Sunda plate. Similarly, the 2007.0–2012.2 velocity 
field estimated from the cGPS data in this study is affected by the postseismic deformation of the Aceh 
and Nias earthquakes. Lastly, the post-2012 interseismic velocity field, which represents the present-
day Sunda plate motion, includes a combination of postseismic afterslips of the Aceh, Nias and 
Wharton Basin earthquakes (Section 5.3). Each of the velocity fields reflects a different temporal 
variation of the interseismic coupling, whereby, in this case, four interseismic time periods along the 
Sunda subduction trench were studied.   
 
A B 
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Between 1991.0 and 2001.0 (Figure 7.6A), the best fitting model with reduced 𝜒2 = 2.41 (68 
observations, 40 degrees of freedom (DOF; Table 7.1) inferred full or strong coupling (Ф = 0.8–1.0) 
from the surface down to a depth of 12 km along the Sunda subduction trench. The southern part of 
the subduction zone, between the South-Pagai Island and Enggano Island (3.1˚S–5.3˚S), shows a wider 
and deeper interseismic full-coupled zone down to a depth of 40 km. A similar finding is highlighted 
in the Prawirodirdjo et al. (2010) study, but with a deeper fully locked zone of 50 km. This difference 
is most likely due to the different subduction structural interface, in which this study used a hybrid 
model from Subarya et al. (2006, electronic supplement 6) and Hayes et al. (2012; Section 7.2; 
Appendix D). In contrast, Prawirodirdjo et al. (2010) used a similar structural model to Subarya et al. 
(2006) for the northern segment (0˚–17˚N), but the geometry of the southern segment (0˚–8˚S) was 
not well-defined. Another fully coupled segment is estimated to the north of Nias Island (1.4˚N) 
extending northwards into the south of Nicobar Island (5.0˚N). However, with limited geodetic 




Table 7.1: The results of inversions for locking and rotation models 
Model T NGPS fGPS 𝜒𝐺𝑃𝑆
2
 𝜒2 Ndata NP DOF 𝜒𝑣
2
 
A 1991.0–2001.0 34 2.0 1.179 80.17 68 28 40 2.408 
B 2001.0–2007.0 27 4.0 1.293 69.82 54 28 26 3.495 
C 2007.0–2012.2 122 4.0 1.470 335.16 228 98 130 3.821 
D 2012.2–2015.9 123 3.0 1.033 233.46 226 36 190 1.296 
Note: T = period of measurement. NGPS = number of GPS observations (N, E and U velocities are treated as separate 
observations). fGPS = factor multiplied by formal standard deviation for weighting. 𝜒2 with data type subscript are 𝜒2 divided 
by the number of observations for the data type. 𝜒2 without a subscript is total 𝜒2 for the model. 𝑁𝑑𝑎𝑡𝑎 = a total number of 
observations. 𝑁𝑃 = number of free parameters. DOF = degree of freedom (number of observations minus the number of free 










Figure 7.6: GPS vectors from the published study (A and B) and this study (C and D) in black arrows (1σ 
uncertainties) with calculated vectors in red arrow. The vectors are shown relative to the Sunda plate in the 
following order: (A) 1991.0–2001.0, (B) 2001.0–2007.0, (C) 2007.0–2012.2 and (D) 2012.2–2015.9. The 
shading on the Sunda forearc represents the level of coupling coefficient, phi Φ, where the value indicates freely 
slipping at 0 and fully locked at 1. The rotation pole for the Sunda block was based on Yong et al. (2017). The 
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When Ф is between 0 and 1, it is often interpreted as patches with a spatial mixture of creeping 
and non-creeping states (McCaffrey et al., 2000; Wallace et al., 2004b). This is the case between Nias 
Island and the Batu Islands (1.4˚N–0.1˚S), whereby the subduction interface in this segment is loosely 
coupled compared to the neighbouring segments (i.e. from the north of Nias Island northwest-ward 
toward Simeulue Island, and from the south of the Batu Islands southeast-ward toward Enggano 
Island), particularly below the depth of 14 km (Figure 7.6A). Many studies (Sieh et al., 1999; 
Natawidjaja et al., 2004; Feng et al., 2015) argue for the presence of aseismic creep, or slow slip events 
at the Sumatra subduction zone, similar to other subduction zones, i.e. the New Zealand–Hikurangi 
subduction thrust (Wallace et al., 2006) and along the Japan–Bungo Channel (Hirose et al., 1999). The 
temporal coverage of the cGPS time series analysis in this study may be insufficient to observe the 
presence of the slow slip event that takes approximately 15 years (Tsang et al., 2015). Hence, the 
theory that explains the low rates of interseismic coupling below and trenchward of the Batu Islands 
is still under debate. The residuals of the observed GPS velocities with the best fitting calculated 
vectors, associated with the slip rate deficit, are illustrated in Figure 7.7. 
 
 
Using the 2001.0–2007.0 velocity field (Figure 7.6B), the best fit model of the Sumatra forearc 
obtained a reduced 𝜒2 = 3.50 (54 observations, 26 DOF; Table 7.1). Poor spatial coverage of GPS sites 
in the northern segment, from south of Nias Island (~0.1˚N) to Nicobar Island (~5.0˚N), limits a 
reliable estimation on the interseismic coupling coefficient that in this case shows a freely slipping 
interface (Ф = 0, depth >4 km) with low levels of coupling. Additionally, the presence of postseismic 
deformation from the 2004 Aceh and 2005 Nias earthquakes could dominate the locking signals in 
the northern segment. Further south, the velocity fields in the Batu Islands are consistent with a low 
to partially coupled subduction zone (Ф = ≤ 0.5). Aseismic surface creep on the subduction interface 
is likely to be present around the Batu Islands (Simoes et al., 2004), therefore, no constraint is 
imposed on the Ф values of the fault node as it decreases downdip from the surface. There is partial 
interseismic coupling (Ф = 0.5–0.8) on the subduction interface from Siberut Island down to Enggano 









Figure 7.7: The colour bar indicates the slip rate deficit (in mm/yr) in the Sumatra subduction zone. The GPS 
vector residuals (observed-modelled) in red arrow with 1σ uncertainties.  
 
 
The velocity field between 2007.0 and 2012.2 (Figure 7.6C) is derived solely from the cGPS data. 
The northern part of the Sumatra forearc (0.8˚N and above) continues to be dominated by the 
significant postseismic deformation following the Aceh and Nias earthquakes in the velocity field. The 
postseismic deformation signal also influences the velocity field in Peninsular Malaysia, especially in 
the northwest region, which caused a systematic misfit in the model (Figure 7.6C). The best fit 
1991.0 – 2001.0 2001.0 – 2007.0 
2007.0 – 2012.2 2012.2 – 2015.9 
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2 = 3.82; 228 observations, 130 DOF; Table 7.1) infers that the subduction 
interface underneath Simeulue Island has a Ф value close to 1.0. A high coupling coefficient (Ф = 0.5–
0.8) is also found in-between Siberut Island and north of Enggano Island (1.3˚S–5.5˚S), with a slight 
drop of the locking rate below a depth of 14 km, which is related to the 2007 Bengkulu earthquake. 
Large earthquakes often rupture areas that were previously locked during the interseismic period 
(Konca et al., 2008; Kaneko et al., 2010). Our best fit model agrees with the Konca et al. (2008) study 
suggesting that the Bengkulu earthquake has only partially released the interseismic strain 
accumulated since 1833 (Newcomb and McCann, 1987; Natawidjaja et al., 2006) Additional great 
earthquakes in this segment remain a possibility.  
 
 
The most recent velocity field (2012.2–2015.9) contains afterslip signals from the 2012 
Wharton Basin earthquakes (Figure 7.6D). This result highlights that the postseismic signal from the 
2004 and 2005 earthquakes is less prominent after the 2012 Wharton Basin earthquakes. Thus, 
suggests that postseismic deformation within the Sunda plate has decayed significantly since the Aceh 
and Nias earthquakes. The best fitting model obtain reduced 𝜒2 = 1.29 (226 observations, 190 DOF; 
Table 7.1). This model indicates that the Sunda trench has partially regained the interseismic coupling 
from Simeulue Island southeast-ward towards Enggano Island, and from the surface down to a depth 
of ~7 km. This model indicates that the subduction interface underneath Siberut and Pagai Islands is 
still fully locked at the surface. The coupling gradually decreases to ~40 km depth. The patch 
underneath Siberut Island remains locked at the surface, but the locking gradually decreases to a level 
of low coupling at ~40 km depth for all four interseismic periods (Figure 7.6). On the other hand, the 
long-term aseismic behaviour underneath the Batu Islands (Natawidjaja et al., 2006) reflects the 
partial or no coupling, which is in agreement with earlier geodetic and geophysical studies 
(Natawidjaja et al., 2004; Prawirodirdjo et al., 2010). This low coupling segment is possibly caused by 
the subduction of the Investigation Fault Zone (IFZ; Figure 2.2), as suggested by McCaffrey (2002). 
The patch could potentially form a natural barrier to any earthquake rupture that propagates along 
the Sunda and Java trenches.  
 
 




Figure 7.8: The modelled interseismic velocity field (magenta arrows) after the 2012 Wharton Basin 
earthquakes, which represents the most recent velocity field relative to the Sunda plate. The blue lines indicate 
the elastic block boundaries for Burma, the Sunda forearc sliver, Sunda, and the Indian–Australian blocks. The 
inset shows the locations and error ellipses of poles of rotation for each tectonic block relative to the Sunda 
plate. Rotation rates (in °/Ma) are indicated with the ellipses uncertainties (positive indicates counter-
clockwise rotation). Abbreviation: SFS = Sumatra fault system; INAU = Indian–Australian plate; BURM = Burma 
plate; SSMA = Sunda forearc sliver.  
 
 
To summarise the current state for the Sundaland subduction trench, Figure 7.8 shows the 
modelled post-2012 horizontal velocity field. The edge of the Sunda forearc converge margin-normal 
to the trench but shifts to margin parallel near the Sumatran fault system. McCaffrey (2002) explained 
that the indication of partitioning is when the deformation is contractional near the trench and 
transitions to margin-parallel shear further landward. Hence, in this case, the block model results and 
the GPS measurements both demonstrate that Sumatra is highly partitioned.  
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7.4 Elastic Dislocation Models for the Great Earthquakes 
 
 
Section 7.3 showed that the interseismic coupling rates change spatially and temporally after 
great earthquake events. The 2004 Aceh megathrust earthquake is the key event that caused a large 
part of the western margin of the Sunda plate to undergo significant postseismic deformation. In 
contrast, the postseismic signal reduced significantly after the 2012 Wharton Basin earthquakes, 
particularly for the inner region of Sunda plate (i.e. west-coast of Peninsular Malaysia). To improve 
our understanding of the impact of the 2004 and 2012 earthquakes, this study modelled the observed 
surface displacements (Chapter 4) using the Okada (1992) infinite elastic half-space algorithm 
adopted in the TDEFNODE inversion program (McCaffrey, 2015). The identical structural model of 
the subduction interface used in Section 7.3 is adopted for the elastic coseismic modelling to 
represent the Sunda subduction trench. To construct the coseismic models, this study used the gCMT 
(Ekstrӧm et al., 2012) and other published parameters (Lay et al., 2005; Vigny et al., 2005; Hill et al., 
2015) including: moment tensor (moment, magnitude and depth), nodal planes (strike, dip and 
rake), and epicentre (location). These fault plane parameters were inverted along the modelling 
processes to improve model misfit. The two key coseismic models of the great earthquakes, 2004 
Aceh earthquake and 2012 Wharton Basin earthquakes, are explained as follows.  
 
 
2004 Mw 9.0 Aceh earthquake coseismic model 
 
 
The Aceh earthquake event (2004) is one of the most widely studied megathrust earthquakes 
that had an exceptionally large moment magnitude and unprecedented rupture length of >1,000 km. 
The gCMT catalogue indicates predominantly thrust faulting with the following earthquake source 
parameters: longitude of 95.78°E; latitude of 3.30°N; depth of 10.0 km; strike angle of 329°; dip angle 
of 8° and rake angle of 110°. The coseismic model of Vigny et al. (2005) showed that a single 
dislocation segment of 1,000 km × 145 km failed to produce a good model fit. To achieve the best fit 
model, they split the single segment into two distinct segments: the southern plane with a length of 
450 km (strike angle of 330˚) and the northern plane with a length of 550 km (strike angle of 350˚). 
Lay et al. (2005) summarised that the rupture process of Aceh earthquake involved three slipping 
segments, starting from the Sumatra segment of 420 km × 240 km, the Nicobar segment of 325 km × 
170 km and lastly the Andaman segment of 570 km × 160 km. Their results indicate that the rupture 
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scenario of the 2004 Aceh earthquake begins at the Sumatra segment, and then propagates northward 
towards the Nicobar and Andaman segments.  
Using the dislocation models described in Section 7.2, this study models the coseismic 
deformation of the Aceh earthquake by using three different slipping segments. To match the gCMT 
earthquake source parameters, this study inverts the cGPS displacements (Section 4.2.1) for the best 
fitting plane and slip along the subduction interface. The segments are constructed according to the 
graphical arc of the Sunda subduction trench (Subarya et al., 2006; Hayes et al., 2012), and do not 
necessarily follow physical fault segmentation. The geometry of the Sunda subduction trench used 
will also affect the results of the finite-slip calculation. Even though the geometry is a general 
representation of the fault trend along the subduction trench, it is simplified and does not include 
detailed fault patterns as observed in the field. For comparison, the parameters of the dislocation 
segment including its location, geometry and dip angle are constrained so that they are identical to 
those stated in Vigny et al. (2005) and Lay et al. (2005). The reprocessed GPS data under a unified 
strategy (Section 3.3) with additional cGPS sites from northern Borneo allow us to quantify the 




This study considers three models, Model A, B and C, which consist of a different dislocation 
segments length and width. The faulting geometry for these segments (dipping, strike, and rake 
angles) are assigned in different angles with respect to the curvature of the Sunda subduction trench. 
The first model (Model A) assumes one dislocation segment of 450 km length × 145 km width, with 
the dipping angle of 8˚, strike angle of 329˚, rake angle of 110˚, and a uniform average slip of 12 metres 
(Figure 7.9A). This model achieved an adequate data fit, with an average misfit of 1.77 mm and the 
reduced 𝜒2  of 7.51 (171 observations, 137 DOF). The estimated geodetic moment is 6.33 ×  10
22
 
Newton metres (Nm) and the moment magnitude of Mw 9.13, in which the result is identical to that 
inferred from analysis of Earth’s free oscillations (Mw 9.15; Park et al., 2005). This single segment 
model fits the observed deformation in the Mentawai forearc, most regions of the Peninsular Malaysia, 
as well as the far-field deformation in northern Borneo. However, the fit is poor in northern 
Peninsular Malaysia, Thailand and the Sunda backarc with a maximum misfit of 28.16 mm (SAMP). 
Thus, this model suggests that the rupture segment is longer than 450 km and the segment further 
north should be included (Ishii, et al., 2005; Park et al., 2005; Vigny et al., 2005).  
 
 




Figure 7.9 (A): The coseismic deformation elastic modelling for the 2004 Aceh earthquake. GPS observed (red 
arrows) and model-predicted (blue arrows) are shown (left side). The residuals illustrated in blue arrows with 
1σ confidence level (right side). The green rectangles depict the dislocation segment underneath the crust 
surface. The blue semi-dotted line shows the artificial boundary of the blocks. The red solid line illustrates the 
Sunda trench from Subarya et al. (2006) and Hayes et al. (2012). 
 




Figure 7.9 (B): (Continued) 
 
JMBI 




Figure 7.9 (C): (Continued) 
 
 
Model B assumes two separate segments of 450 km × 130 km and 550 km × 145 km, that starts 
at the Simeulue Island to the south of Andaman Islands. The dip angle is constrained to 8˚ for both 
segments, and the strike angle is constrained to 329˚ in the first segment and 342˚ in the second 
segment, similar to the Vigny et al. (2005) determination. This is the best fitting model (Figure 7.9B) 
and it provides a reduced 𝜒2 of 3.68 (171 observations, 128 DOF) with an average misfit of 0.72 mm 
(Table 7.2). Although the additional segment did not improve the model fit in northern Borneo, there 
was significant improvement in northern Peninsular Malaysia and Thailand (Model A). Only ~40% of 
the observed deformation (8.75 mm instead of 21.14 mm) is predicted at Sunda backarc (JMBI). The 
underestimation of the deformation displacement is likely to be caused by the data gap at the site 
JMBI (Appendix A), where the estimated coseismic displacement are affected by the postseismic 
deformation of 2004 as well as the 2005 Nias earthquake. The corresponding geodetic moment is 
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decreased to 2.18 × 10
22
 Nm and the moment magnitude of Mw 8.82. In contrast, Model B obtained a 
lower geodetic moment than the generally accepted seismic moment of 3.00 × 10
22
 Nm and Mw 9.0, 
compared to the gCMT value, where both patches with an average slip of 11.2 metres and 12.1 metres 
(from south to north patches).  
 
 
Table 7.2: Results of the Fishers F Tests for 2004 Aceh earthquake coseismic models 
Model Ndata Nparameters DOF 𝜒𝑛
2 Number of rupture segments 
A 171 34 137 7.51 1 
B, best model 171 43 128 3.68 2 
C 171 52 119 4.34 3 
Comparison of Models Confidence Level F statistic value Critical values Result 
Is model B better than model A? 0.99 0.240 0.635 : 1.569 yes 
Is model B better than model C? 0.99 0.719 0.627 : 1.601 maybe 
Is model C better than model A? 0.99 0.334 0.628 : 1.581 yes 
Note: Fishers F test results for various rupture segments lengths for coseismic models. This study uses the 
measured GPS displacements (Section 7.2) for all three models. Abbreviations: Ndata – Number of observations; 
Nparameter – Number of parameters; DOF – degrees of freedom; 𝜒𝑛
2 – reduced chi square. 
 
 
In order to investigate the underestimation of the moment of the Model B, a third model (Model 
C) was tested by prolonging the rupture plane from a total length of 1,000 km to 1,300 km (Figure 
7.9C). This model included three segments of 440 km × 180 km, 360 km × 180 km and 500 km × 170 
km, which follows the geographical curvature of the Sunda trench. The segment slipping parameter 
are adopted from Lay et al. (2005), for the Sumatra, Nicobar and Andaman segments with strike 
angles of 333˚, 336˚, and 5˚, dip angles of 8˚, 15˚ and 18˚, and rake angles of 110˚, 120˚ and 145˚, 
respectively. The average slip of these patches are 11.2 metres, 12.1 metres and 2.9 metres, 
respectively (from south to north patches). Even though Model C achieved the reduced 𝜒2 of 4.34 
(171 observations, 119 DOF), which is a slightly poorer model fit than Model B. The average residual 
is 1.13 mm (Figure 7.9C) and is identical to Model B. Both Models B and C predicted the magnitude 
and direction of the 2004 coseismic deformation and reasonable level of model misfit (<2 mm on 
average). Model C satisfies the F test extremely well (Table 7.2), with a comparable probability to the 
preferred Model B. The corresponding geodetic moment slightly increases to 4.31 × 10
22
 Nm, while 
the moment magnitude of Mw 8.95 is similar to that estimated with Model B. In general, the seismic 
moment can be defined by three key factors, (1) total rupture area, (2) average displacement across 
the fault, and (3) rigidity of material around the rupture zone (Lay et al., 2005). The geodetic moment 
and magnitude estimated in this study were based on the pre-constrainted rupture areas (following 
the geometry of the subduction trench) and measured cGPS displacements, whereas the information 
of rigidity coefficient based on assumption of 4 x 1011 GPa (Vigny et al., 2005). Thus, the moment 
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magnitude of Mw 8.95 (Model C) is still acceptably close to the range of Mw 9.0–9.3 as determined in 
most studies.  
 
 
All three models, however, lack near-field data that would enable better modelling of the 
maximum slip rate and fault slip distribution of the subduction interface. A fourth model (not shown) 
was constructed by including extra near-field GPS sites from published geodetic measurements 
(Subarya et al., 2006). All other parameters remain identical to those of Model C. As discussed in 
Section 4.2.1, these near-field displacements were estimated from the campaign-based 
measurements (the earlier epochs were measured between 1991 and 2001, and then resurveyed 
approximately a month after the 2004 earthquake; Prawirodirdjo et al., 1997; McCaffrey et al., 2000; 
Subarya et al., 2005). In other words, the measured displacements include a combination of the 
secular motion, coseismic displacement and postseismic deformation, as well as the aftershocks of 
the 2004 Aceh earthquake. In contrast, the observed surface displacements of this study are 
estimated from the GPS daily time series, where the coseismic, postseismic and secular deformation 
have been discriminated with better time resolution. Combining the campaign and cGPS 
displacements resulted in a poor model inversion, particularly the near-field displacements in 
Nicobar–Andaman Islands. The poor fitting is likely due to the assumption of simple uniform slip 
planes model used in this study. The campaign-based measurements do not improve the coseismic 
model inversion as the measured displacements include a combination of deformation signals, even 
though they can provide more insight into the near-field deformation of the overriding Sunda forearc.  
 
 
To further examine the effect of non-homogeneous slip on the subduction interface, this study 
constructs a model, based on Model B, whereby the slip distribution is solved for on a grid of nodes 
(Figure 7.2). The best fit model shows the slip amplitude of 11.2 m and 12.1 m on the rupture 
segments. The inverted slips show a maximum slip of ~16 cm along the overall subduction interface 
(Figure 7.10). The slip distribution is likely to be the slip residuals from the simple uniform planes 
with respect to the subduction interface. In other words, the coseismic deformation on both rupture 
planes have inverted the slip on the plate interface downdip from the fault surface. On the fault 
surface, the slip amplitude at the mid-point between each pair of nodes along the subduction trench 
responds differently for each segment. For example, when moving south-eastward towards the 
Simeulue and Nias Islands along the Andaman segment (9°N–12°N), the direction of the slip gradually 
changes from SE to the SEE. This is a plausible demonstration of the stress propagation imposed by 
the 2004 coseismic rupture, which induces a stress concentration at the 2005 Nias rupture zone that 
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was unstressed three months later. This is a coherent finding with the previous studies (McCloskey 
et al., 2005; Hsu et al., 2006) that the 2005 Nias earthquake was caused by the coseismic stress 




Figure 7.10: Finite-slip model of the 2004 Aceh earthquake along the subducting interface. The colour bar 
indicates the slip distribution of the subduction interface inverted from the rupture segments. The blue lines 
with rectangular boxes are the block boundary.   
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2012 Mw 8.6 Wharton Basin Earthquake Coseismic Model 
  
The 2012 Mw 8.6 Wharton Basin earthquake occurred in the boundary between the Indian and 
Australian plate, approximately 150 km west of the Sunda megathrust. The location and number of 
faults involved in this earthquake event is the topic of debate in the research community (Meng et al., 
2012; Wei et al., 2013; Hill et al., 2015). However, one common feature is that the rupture took place 
in a region of high angled faults connected to one another (Singh et al., 2017). This study estimated 
the coseismic displacement of all available cGPS sites in the Sundaland region, in which the daily 
solutions (Chapter 3) were used in the inversion. The motion of the Mw 8.2 aftershock that occurred 
2 hours later, therefore, is included with the mainshock in a combined inversion. The estimated 
coseismic displacements are subsequently combined with both the mainshock sequence and the 
aftershock, as well as the initial postseismic deformation resulting from the combined event. The 
inversion results of the mainshock include, for the first time, cGPS measurements from Peninsular 
Malaysia and northern Borneo in the analysis of this complex event.  
 
 
Previous studies (Satriano et al., 2012; Yue et al., 2012; Wei et al., 2013; Hill et al., 2015) have 
argued that the dominant fault trend for the 2012 mainshock is either (1) NNE trending (old 
lithospheric fracture zone) or (2) WNW trending (young, right-lateral fault). This study constructed 
an elastic coseismic model of mainshock using the gCMT point source parameters 
(www.globalcmt.org/CMTsearch.html) of strike ∅ = 20° , dip 𝛿 = 76° , rake 𝜆 = 5°  (NNE–SSW 
trending, Model A) and ∅ = 289°, 𝛿 = 85°, 𝜆 = 166° (WNW–ESE trending, Model B; Figure 7.11). 
Both NNE and WNW trending are assumed as a rectangular dislocation plane of 250 km length and 
30 km width. A uniform slip of 21 m is estimated for the single dislocation plane, which yields a total 
seismic moment of 7.5 × 1021 Nm and a moment magnitude Mw 8.52. These values are slightly lower 
with the CMT values. Using the method described earlier (Section 7.2), the observed surface 
displacements from cGPS sites are modelled in order to find the best fit to these parameters. However, 
due to the limitation in the temporal resolution of the cGPS daily estimates, it was not possible to 
simulate the 2012 rupture sequence. Therefore, this study focused on the dominant fault trend that 








Figure 7.11: The observed-predicted residuals of a single plane fault model in (A) NNE trending and (B) WNW 
trending, for the 2012 Wharton Basin Mw 8.6 earthquake. The residuals illustrated in blue arrows with 1σ 
confidence level. The green lines represent the rupture fault plane projected from below the surface. The grey 
dash lines illustrate the fracture zones identified from altimetry data (Singh et al., 2011, Figure 2).    
 
 
The best-fitting fault model suggests that the primary fault plane of the mainshock is NNE 
striking (left-lateral) with a reduced 𝜒2 of 1.65 (Figure 7.11A), whereas, the WNW trending (right-
lateral) fault model obtained a reduced 𝜒2 of 3.31 with a higher misfit (Figure 7.11B). All the observed 
surface displacements that are included in the NNE trending single fault plane inversion are fit 
extremely well with small residuals of <1 mm. In contrast, for the WNW trending model, the average 
residual misfit is 6 mm. This study used the Fishers F test on the distributions of residuals to access 
the preferred fault trend and the number of the involved segments in 2012 rupture (Table 7.3). When 
the F test was carried out with large sample sizes, the critical value of the two-tailed test became 
statistically indistinguishable (Bradley, 1980). Even so, this result gives a strong indication that the 
NNE trending slip played the dominant role in the 2012 event, and yet the slip trend is also consistent 
with the observed coseismic displacement pattern when merged with the regional geodetic stations 
from Sumatra and Peninsular Malaysia (Figure 4.8). The coseismic displacements of the daily 
estimates are particularly good for estimating the fault strike ∅ component, whereby they are more 
responsive to the horizontal coseismic displacements. The results, by adding the new Malaysian sites, 
provide a better slip trend determination of the fault plane. In this case, the WNW coseismic 
displacement trend dominates most of the near-field SuGAr sites. Whereas, more prominent ENE and 
NE trends are the juncture point of the Banyak Islands (BNON, BSIM, LEWK, PBLI, and UMLH), as well 
as all the intermediate and far-field regions in Peninsular Malaysia and northern Borneo (Section 
A B 
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4.2.4). The inversion results suggest that the cGPS coseismic displacements are more inclined towards 
NNE trending faults than WNW trending faults. In addition, the preferred NNE trending faults also 
align to the texture of the seafloor fabric in the Wharton Basin (Singh et al., 2011).  
 
 
Table 7.3: Results of the Fishers F tests for 2012 Wharton Basin earthquake coseismic models 
Model Ndata Nparameters DOF 𝜒𝑛
2 Number of rupture segments 
A, best model 85002 172 84830 1.652 1 
B 85002 172 84830 3.318 1 
C 85002 167 84835 3.818 6 
Comparison of Models Confidence Level F statistic value Critical values Result 
Is model A better than model B? 0.99 0.248 0.177 : 0.177 yes 
Is model A better than model C? 0.99 0.187 0.177 : 0.177 yes 
Is model B better than model C? 0.99 0.755 0.177 : 0.177 yes 
Note: Fishers F test results for different rupture trending and the number of the involved rupture segments for 
2012 Wharton Basin coseismic models. This study uses the cGPS daily time series (Section 3.4) for all three 
models. Abbreviations: Ndata – Number of observations; Nparameter – Number of parameters; DOF – degrees of 
freedom; 𝜒𝑛
2 – reduced chi square. 
 
 
A number of different models (Yue et al., 2012; Hill et al., 2015; Yin and Yao, 2016) have 
developed from the 2012 event which involves a complex rupture pattern with multiple conjugate 
faults. The simple model used in this study, with a single NNE trending dislocation plane, fits the 
observed deformation well, despite the complexity of the rupture as generally reported. To deal with 
the intricacy of this event, a test involving the fault geometries of Hill et al. (2012, Model 6c) that 
includes up to six different fault lines (Figure 7.12) was used. Although these fault lines are 
interpreted from the seafloor bathymetry and magnetic anomalies (shallow seismic reflection data; 
Singh et al., 2011), their geometry is poorly recognised. It is therefore difficult to properly constrain 
the geometry of faults, rakes, and dips for the model predictions. The six fault segments model 
achieved a reduced 𝜒2 of 1.3 in Hill et al. (2015), compared to the reduced 𝜒2 of 3.81 in this study. 
The weighting of the GPS coseismic displacements and the joint inversion of the datasets (high-rate 
GPS, teleseismic and source time function data) in the Hill et al. (2010) study played a key role in 
obtaining the better reduced 𝜒2 value. This study did not re-weight the daily cGPS solutions since it 











Figure 7.12: (A) The preferred NNE trending model and (C) WNW trending model of the non-homogeneous 
slip along the Sunda subduction interface. The colour bar indicates the amount of slip caused by the rupture of 
the NNE trending single fault plane from 0 mm (blue) to 120 mm (red); WNW trending single fault plane from 
0 mm (blue) to 700 mm (red). (B and D) Observed (red arrows) and modelled (blue arrows) displacements are 
illustrated. The blue lines indicate the rupture segments of the 2012 Wharton Basin earthquakes by Hill et al. 
(2015). Red lines designate major faults of Bird (2003) and Coffin et al. (1998). The grey dash lines illustrate 
the fracture zones (Singh et al., 2011).  
 
 
The 2012 strike-slip earthquake is extraordinary in many aspects, such as the earthquake 
magnitude in an intraplate environment, the possible complexity of highly conjugate faulting, as well 
as triggering a small-scale tsunami. It is generally accepted that strike-slip faulting is unlikely to 
A B 
C D 
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trigger a tsunami due to the faulting mechanism (Kanamori, 1972). However, the horizontal faulting 
in the ocean bottom is still potentially tsunamigenic under two exceptional circumstances (Tanioka 
and Satake, 1996): (1) large horizontal slips of a steep slope near the trenches, and (2) strike-slip 
faulting on a shallow dipping fault. Heidarzadeh et al. (2017) reported that regional tide gauges 
(Sabang and Cocos Island) recorded maximum tsunami amplitudes of 6–40 cm following the 
mainshock. Their results suggest that the 2012 mainshock involved orthogonal faults with various 
lengths, therefore, these faults are difficult to become the source for tsunami generation and the 
tsunami source remains unclear. Since the 2012 earthquake epicentre is only ~125 km away from 
the Sunda subduction trench, this leads to the hypothesis that the strike-slip faulting may cause a 
certain amount of slipping along the subduction interface, and yet triggered a small-scale tsunami.  
 
 
To further investigate this hypothesis, this study inverted the non-homogeneous slip 
distribution at the subducting trench on a grid of nodes (Section 7.2). The along-strike nodes were 
variably locked for the segment between 1°N to 10°N, whereas, the remaining nodes were 
constrained at the same ϕ value and allowed to slip freely. The downdip nodes were constrained to 
be variably locked and the two deepest nodes were forced to be unlocked. In the model inversion, 
both the NNE trending (Figure 7.12A) and WNW trending (Figure 7.12B) single fault plane models 
were tested. The resulting slip distribution of the preferred model (Figure 7.12A) illustrates that there 
is a small amount of slip along the subducting trench, ranging from 0 to ~12 cm. The SE region of the 
NNE trending fault experienced a higher level of slip, which is consistent with left-lateral shear along 
the NNE trending rupture plane. The slip distribution of the WNW trending model is approximately 
5–6 times higher than the preferred model, and this can be explained by the significant model misfit 
around Simeulue Island. In contrast, if removed the subduction interface slip from the Wharton Basin 
earthquake inversion, the zeroed slip at the subduction interface incurred a model misfit of 2.688. 
Compares to the best model fit of 1.652 that allowed the slip at the subduction interface, which it gives 
a better model misfit. The slip amplitude of the best fit model (allowed slip at the subduction interface) 
is approximately 21m, which is identical to Hill et al. (2012) results. However, the zeroed slip (at the 
subduction interface) model incurred a slip amplitude of 32m, which is nearly 50% higher than the 
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Previous studies (Okal and Synolakis, 2004; Stein and Okal, 2005) suggest that the tsunami run-
up typically does not exceed twice the fault slip. Given that the tsunami run-up during the 2004 Aceh 
earthquake was approximately 25–30 m in the Sumatra near-field region, this would imply that there 
was approximately 12–15 m of slip. For the 2012 Wharton Basin earthquake, a slip of 3–20 cm along 
the trench is expected to result in the tsunami amplitude of between 6–40 cm. The magnitude of the 
modelled slip achieves a reasonable agreement with the expected slip, given that most of the near-
field GPS sites had recorded 2–4 cm of subsidence (Section 4.2.4) due to the earthquake.  
 
 
This study suggests that the 2012 tsunami source was not triggered by the ruptured planes but 
was potentially caused by the subduction trench. Heidarzadeh et al. (2017) highlighted that their data 
lacked resolution to distinguish which faults should be attributed to the tsunami. There are two 
similar events, the 1994 Shikotan-Kurile earthquake (Tanioka et al., 1995) and the 1994 Mindoro 
earthquake (Tanioka and Satake, 1996), which can be used to explain the slip distribution along the 
Sunda subduction trench as the contributing source of the small-scale tsunami. For example, the 
Shikotan-Kurile event was a thrust type mechanism with a large strike-slip component earthquake, 
which was due to a tearing of the subduction slab perpendicular to the trench. This intraplate 
earthquake shows that there is the potential to create a tsunami when the earthquake epicentre is 
within the proximity to the subduction zones (Satake and Tanioka, 1999). In the case of the 1994 
Mindoro earthquake, the strike-slip faulting extended from ocean to land perpendicular to the 
coastline, in which the horizontal motion has shown its potential in tsunami generation (Tanioka and 
Satake, 1996). The 2012 Wharton Basin earthquake occurred off the west coast of northern Sumatra 
(~125 km from the Sunda trench), and the rupture trending was nearly perpendicular to the 
subduction trench. Thus, the slip distribution along the Sunda subduction interface is the potential 








This chapter has covered three topics: (1) to present the Sunda plate-fixed interseismic velocity 
from the cGPS time series, (2) to estimate the interseismic coupling coefficient along the Sunda 
subduction trench, and (3) to calculate the displacement rate along the Sunda subduction trench 
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caused by two crucial earthquakes that affect the contemporary velocity field of the Sunda plate. The 
summary of findings is outlined as follows: 
 
 
(1) Nearly 25 years (1991.0–2015.9) of GPS data from the Sumatra subduction zone that spanning 
multiple earthquakes events have been examined. The present-day interseismic velocity 
(2012.2–2015.9) suggests that both segments ruptured during the 2005 and 2007 earthquakes 
are now partially coupled to freely slipping. However, the best fitting model shows that the 
Siberut segment of the megathrust (0.5–2.0°S) has remained fully coupled throughout the 
period. The results of this study clarify the present-day understanding of the interseismic 
coupling of the subduction zone, where it varies with time. 
 
 
(2) Positioning measurements determined from campaign-based GPS deployed after major 
earthquake events are often made to densify the resolution of the afterslip deformation. 
However, these measurements can be incompatible with the coseismic modelling due to the 
mixture of seismological signals. The cGPS measurements suggest that the 2004 Aceh 
earthquake ruptured at least 1,300 km long segments along the Sunda subduction trench 
between 2˚N to 13˚N. The simple two plane (Model B, 450 km × 130 km and 550 km × 145 km) 
model retains a slip amplitude by up to 12.1 m on the nodes along the subduction interface.  
 
 
(3) The additional Malaysian cGPS measurements provide a stronger preference for the NNE 
trending faults on the 2012 Wharton Basin earthquake event. This may result in a denser and 
larger network distribution used in this study compared to the published results. The near-field 
displacements in the SuGAr network (Mentawai Island and southeast-wards islands) indicate a 
stronger preference to a WNW fault model as suggested in Hill et al. (2015). However, the 
additional coseismic displacements from the intermediate and far-field network (Peninsular 
Malaysia and northern Borneo) suggest that the primary fault plane of the 2012 mainshock is 
in NNE trending, given that the orientation of the primary fault plane is consistent with the 
nature trending of the seafloor fabric in the Wharton Basin.  
 
 
 (4) The multiple rupture planes model achieved a poor model fit compared to the single rupture 
plane model for the 2012 strike-slip earthquake. Even though the daily cGPS positioning data 
has low data noise and high position precision, it was not possible to estimate the coseismic 
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displacement for the Mw 8.2 aftershock and the following postseismic deformation. GNSS time 
series with a higher frequency are needed. 
 
 
The Sunda trench has been extremely seismically active for the period between 2004 and 2012 
in which one >Mw 9 and four >Mw 8 earthquake events occurred. Each of these great earthquakes is 
complex, involving multiple segment ruptures, resulted in a vast area of deformation and a prolonged 
period of afterslip. Several research questions remain unanswered, for example, to what extent are 
the 2004 Aceh earthquake and the 2012 Wharton Basin earthquakes correlated? Is the spatial and 
temporal resolution of the existing geodetic dataset enough to resolve a sensible model? The geodetic 
dataset requires additional measurements, spatial coverage, processing, and careful modelling to 
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This dissertation has documented the geodynamics of the Sunda plate associated with the 
deformation of the great earthquakes between 1999.0 and 2015.9. This study uses cGPS data from 6 
different countries (Indonesia: Sumatra, Sunda forearc archipelagos, Java and Sulawesi; India: 
Andaman–Nicobar Islands; Malaysia: Peninsular Malaysia and northern Borneo (Sabah and 
Sarawak); Singapore; Thailand; Philippines), comprising a network of more than 140 cGPS sites. 
The principal goal of this dissertation is to apply cGPS measurements to understanding of 
geodynamics. The present-day velocity field of the Sunda plate is estimated, including the effects of a 
series of great earthquakes (Mw 8.0 and greater). The coseismic static offsets and postseismic 
deformation for all the large earthquakes (≥ Mw 7.5) along the Sunda subduction trench and its 
vicinity were reviewed and catalogued. The two-dimensional (2D) strain rate tensor is derived from 
the interseismic velocity fields of the regional cGPS network that were separated by the great 
earthquakes (i.e. 2004 Mw 9.0 Aceh, 2005 Mw 8.6 Nias, 2007 Mw 8.5 Bengkulu, and 2012 Mw 8.6 and 
Mw 8.2 Wharton Basin earthquakes). Subsequently, the block modelling technique is implemented to 
invert the cGPS velocity fields to obtain temporal variations of interseismic locking along the Sunda 
subduction trench. Finally, the dislocation models of two great earthquakes, 2004 Aceh and 2012 
Wharton Basin earthquakes, are constructed to investigate the slip distribution on the subduction 





8.1 The Secular Velocity of Sunda plate, 1999.0–2015.9  
 
 
Following the 2004 Mw 9.0 Aceh earthquake, the Sunda subduction zone and its vicinity has 
undergone an active seismological period. The series of great earthquakes between 2004 and 2012 
(Section 4.2) and related postseismic deformation have significantly influenced the recent 
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deformation of the Sunda plate. In order to understand the geodynamics of the Sunda plate, the 
tectonic setting in particular the western margin of the Sunda plate are reviewed in Chapter 2. The 
past geodetic, geological and geophysical studies that cover the period before the commencement of 
cGPS sites in Sundaland region were summarised. Sunda plate is generally characterised into three 
categories based on the deformation activity: (1) highly deformed regions (i.e. Sunda forearc: Sumatra 
archipelago); (2) moderately deformed regions (northern Borneo: Sabah, Sunda backarc and others); 
and (3) stable plate interior (Peninsular Malaysia and northern Borneo: Sarawak). The background 
reviews established the fundamental understanding in building up the relationship between the 
geodetic measurements with the geophysical response of the regional tectonic settings.  
 
 
A number of earlier studies (Curray, 1989; Tregoning et al., 1994) inferred that the Sunda block 
was a part of Eurasian plate until more recent studies (Wilson et al., 1998; Simons et al., 2007) who 
showed separate plate motion. An Euler pole was estimated for the Sunda plate in the past studies, 
however as discussed in Section 5.3, the series of great earthquakes have created a different level of 
coseismic and postseismic deformation on the Sunda plate. To investigate the static offsets and 
transient deformation, 17 years of cGPS measurements from more than 140 stations were processed 
and analysed in Chapter 3. A uniform parameterisation and careful adaption of the modelling in cGPS 
data processing led to a consistent solution that is useful for geodynamical interpretation. The data 
noise levels in the cGPS data were discussed and the quality of the measurements from all the cGPS 
sites was accessed. The overall three-dimensional (3D) root-mean-square (RMS) values are 4, 3, and 
13 mm in easting, northing and up components, respectively. The GPS stations in the highly deformed 
regions have a poorer RMS than the stations in the Sunda plate interior. Some of the residuals are 
found to be related to the unstable monumentation or localised deformation activities.   
 
 
The series of great earthquakes caused significant postseismic deformation of the overriding 
Sunda plate and also significant deviation from the original course of motion (Figure 5.3). Chapter 5 
(and Yong et al., 2017) focused on the derivation of the interseismic velocity field for the Sunda plate 
based on the cGPS measurements. The derived velocity fields suggest that Peninsular Malaysia, a part 
of Sundaland stable core, was rapidly deforming between 2004 and 2012. The postseismic 
deformation of the 2004 and 2005 earthquakes induced significant postseismic deformation and long 
relaxation period on the NW-coast up to the central Malay peninsula. It is apparent that the velocity 
vectors on Sunda plate used in determining the pole of rotation are important for a tectonically 
complex region. A careful cGPS site selection for the plate rotation vector estimation is crucial, 
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whereby a large part of the western margin Sunda plate was significantly deformed by the past great 
earthquake events. An improved estimation of the rotation pole for Sunda plate was determined 





8.2 Cataloguing the Contemporary Deformation of the Series of Great 
and Large Earthquakes  
 
 
An extensive study on the coseismic static offset and postseismic deformation caused by the 
series of great earthquakes between 1999.0 and 2015.9 along the Sunda subducting trench and its 
vicinity are discussed in Chapter 4. The large earthquakes (30th September 2009 Mw 7.6 Padang and 
25th October 2010 Mw 7.8 Pagai earthquakes) recorded by the near-field cGPS sites were examined as 
well. With a broader cGPS network and longer observations, this study provides an inclusive 
perspective for each of the great earthquakes based on geodetic techniques. The impact of coseismic 
static offset and postseismic deformation on the Sunda plate was delineated in a complete picture. 
However, the daily estimates of the far field cGPS measurements are not sensitive enough to measure 
the static offset caused by earthquakes of less than magnitude 6 (Section 4.2).  
 
 
Great earthquakes can create coseismic displacement of up to a few millimetres at very far-field 
distances of more than 1,000 km from the epicentre (Tregoning et al., 2013). Similarly, the 
postseismic deformation associated with great earthquake is measurable over a large area depending 
on the earthquake magnitude and rupture mechanism (Freymueller et al., 2008). The 2004 Aceh and 
2005 Nias megathrust earthquakes caused significant coseismic displacements, followed by 
significant postseismic deformation in the western margin of the Sunda plate (Sunda forearc, backarc 
and Peninsular Malaysia). The cGPS measurements captured the postseismic signals up to >1,000 km 
from the epicentre on the east coast of Peninsular Malaysia. Next, the 2007 Bengkulu earthquake also 
generated enormous coseismic displacement where ~5 mm of displacement was measured in west 
Borneo (UMAS) over ~1,200 km from the epicentre. The subsequent postseismic deformation was 
observed at most of the near-field cGPS sites in the Sunda forearc and extended to the southern half 
of the intermediate-field cGPS sites (<1,100 km) in Peninsular Malaysia (Section 4.2.3). Compared to 
the earlier 2004 and 2005 events, the Bengkulu earthquake spanned smaller area but the coseismic 
and postseismic deformation are still enormous. Following the three megathrust earthquakes, the 
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2012 Wharton Basin strike-slip earthquakes resulted in a north-eastward coseismic displacement 
pattern (away from subduction trench) instead of the south-westward displacement (towards 
subduction trench) from the past three events. These strike-slip events have caused coseismic 
displacement as far afield as Lahad Datu (DATU) in Borneo Island (~2,900 km from the epicentre) 
with a ~5 mm horizontal offset.  
 
 
The effect of the series of great earthquakes on Peninsular Malaysia, which was considered part 
of the stable Sunda plate (Simons et al., 2007), is co-seismically displaced and is experiencing 
postseismic transient deformation. It is apparent that the definition of the stable Sundaland boundary 
needs to be redefined. Postseismic deformation following great earthquakes can likely persist for 
several decades (Freymueller et al., 2008), similarly, the post-2004 and 2005 viscoelastic relaxation 
processes in Peninsular Malaysia is expected to continue over this period. The Samsudin et al. (2014) 
study suggested that the series of great earthquakes has the potential to reactivate the local fault lines 
in Peninsular Malaysia. In the past, these ancient fault lines have been considered inactive with very 
low seismicity. Although the coseismic displacements and postseismic amplitudes generated by the 
great earthquakes has disturbed the steady motion of the Peninsular Malaysia, however, there is 
insufficient evident to show the reactivation of these fault lines. Therefore, this study concluded that 
the theory of local fault lines reactivation is inconclusive, and 2004 and 2005 postseismic deformation 





8.3 Geodetic strain rate in Sunda plate 
 
 
Chapter 6 implemented an algorithm for continuous 2D strain rate tensor (Hackl et al., 2009) 
to estimate the maximum shear strain rate and dilatation strain rates of the Sunda plate. The geodetic 
strain rate fields are defined for different interseismic periods, 1999.0–2004.9, 2005.2–2012.2, and 
2012.2–2015.0 (Chapter 5), and have shown a spatial-temporal variation due to the seismic events.  
 
 
Before the 2004 Aceh earthquake, a low level of strain rate is estimated in both east and west 
Malaysia with <0.02 ppm/yr. The Sunda forearc segment and its associated archipelagos, which are 
located at the tectonic plate boundary, are experiencing a higher maximum shear strain rate than the 
Malaysia region with a shear strain rate <0.10 ppm/yr. The postseismic deformation following the 
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2004 Aceh and 2005 Nias earthquakes has dominated the regional strain rate field, particularly in the 
Simeulue and Nias segments with ~0.50 ppm/yr. The strain rate was also elevated ~2.5 times higher 
in Peninsular Malaysia, however, the rate did not change significantly in Borneo region, which 
suggests that the postseismic deformation did not extend further east. The deformation across the 
western margin of the Sunda plate is dominated by viscoelastic relaxation and poroelastic rebound 
(Pollitz and Dixon, 1998; Lubis et al., 2013) following the Aceh and Nias earthquakes, and this is 
shown by the increased strain rate across the region. Currently, the contemporary velocity field 
shows that the maximum shear strain rate in Sundaland, in general, has reduced after the 2012 
Wharton Basin earthquakes. This infers that the Aceh and Nias earthquakes have released the strain 
energy that has been built up over time (Kearey et al., 2009), meanwhile, the postseismic deformation 
rate following the Aceh and Nias earthquakes are decreased with time. An exceptional case is in the 
northern tip of Sumatra (Udjung Muloh) shown that the shear strain rate doubled following the 2012 
event from ~0.21 ppm/yr to ~0.42 ppm/yr. Further strain rate analysis is restricted, and yet the 
significant increase of the shear strain rate in this area may be subjected to an artefact due to low 
density of cGPS sites.  
 
 
Land subsidence is also a contributing factor to the high strain rate in Peninsular Malaysia. A 
detailed investigation of the strain rate field that covered northwest Peninsular Malaysia (e.g. 
northern Kelantan), showed an abnormal strain rate over the past 10 years. The strain analysis 
identified (horizontal) contraction strain signals associated with groundwater extraction activities, 
and hence, has resulted in land subsidence and observed cGPS vertical rates of up to ~4 mm/yr (Yong 
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Chapter 7 uses elastic half-space modelling to fit geodetically-derived velocity fields, spanning 
more than 25 years of GPS measurements around the Southeast Asian countries. These observations 
have observed the end of an earthquake cycle and the beginning of a new interseismic period, as well 
as five great earthquakes and the associated postseismic deformation. These models suggested that 
the interseismic coupling of the subduction zone varies with time, and that the great earthquakes are 
the factor that alters the locking coefficient.  
 
 
The interseismic locking coefficient Φ  along the Sunda subduction interface for the period 
1991.0–2001.0, prior the 2004 Aceh earthquake, suggests a fully coupled subduction trench down to 
a depth of 12 km. There are certain segments that are coupled further downdip to a depth of 40 km, 
for example, the Nias–Nicobar Island segment (1.4˚N–5.0˚N); and the segment between the South-
Pagai and Enggano Island (3.1˚S–5.3˚S). Interestingly, the subduction interface underneath the Nias–
Nicobar segment, which appears to be partially to strongly coupled prior the 2004 Aceh and 2005 
Nias earthquakes, is freely slipping in the 2001.0–2007.0 model. However, such interpretation may 
be indecisive since there is only one available station in the Nias–Nicobar segment between 1991.0–
2001.0. With the increased in the number of cGPS sites, the more recent interseismic velocity field 
between 2007.0–2015.9 shows that the degree of coupling on the subduction interface of this 
segment gradually increases from freely slipping to partially coupled. A small patch with a significant 
slip rate deficit is noted beneath the Simeulue Island. Ultimately the accumulated slip deficit will be 
released as an earthquake, or an aseismic slip event on the subduction interface.  
 
 
To the south, the coupling coefficient of the Nias–Batu segment (1.4˚N–1.0˚S) appears to 
increase after the 2012 Wharton Basin earthquakes, approaching a coupling coefficient similar to the 
pre-2004 Aceh level. This segment experienced a moderate to high degree of interseismic coupling 
before the 2004 Aceh and 2005 Nias earthquakes, thereupon, it slipped freely until the period before 
the 2012 Wharton Basin earthquakes (2005–2012). Prawirodirdjo et al. (2010) used same set of the 
GPS-derived velocity fields (1991.0–2007.0) to estimate interseismic fault coupling, and they came to 
a similar conclusion concerning the locking coefficient in the Nias–Batu segment before and after the 
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2004 and 2005 earthquake events. In the Batu–Pagai Islands region (1.0˚S–3.5˚S), the yearly slip 
deficit on the subduction interface ranges from 25 to 50 mm/yr with a maximum slip deficit of ~50 
mm/yr beneath the Siberut Island. The location of these islands consists of the Mentawai segment 
that ruptured in 1797 ~Mw 8.7 and 1833 ~Mw 8.9 (Figure 4.1), as well as the more recently 2007 Mw 
8.5 Bengkulu earthquake. The Batu Islands, which is known as the transition region, is in the area 
where the Investigator Fracture Zone (IFZ) subducts underneath Sunda plate (Figure 2.2). Sieh et al. 
(1999) studied coral reef growth in the Batu Islands area to obtain the pattern of interseismic uplift, 
their findings suggested that it requires a locked fault zone extending potentially below the forearc 
Moho to induce the vertical tectonic motion implied by the distribution of coral. Their finding is 
supported by this study, which show that the subduction interface of this segment is partially to fully 
coupled for all four interseismic periods (Section 7.3). Past studies (McCaffrey et al., 2002; 
Prawirodirdjo et al., 2010) have suggested that the coupling coefficient could evolve following an 
earthquake, the afterslip processes and/or aseismic slip event on the plate interface, and eventually, 
the accumulated slip deficit will be released in such events. Therefore, it is not unexpected that this 
segment might be subjected to future earthquakes. The final segment in the Sundaland western 
margin beneath the Pagai–Enggano Island (3.5˚S–6.0˚S) has a Φ value close to 1.0 throughout all four 
interseismic periods. However, the coupling coefficient estimates for this segment are less well 
resolved given the limited number of the cGPS sites.  
 
 
Coseismic Dislocation Models 
 
 
The estimated coseismic static offsets (Section 4.2.1 and Section 4.2.4) were inverted for two 
great earthquakes (2004 Aceh earthquake and 2012 Wharton Basin earthquakes) that play a key role 
in present-day Sunda plate kinematics. In the 2004 event, the main rupture of the Aceh earthquake 
was initiated north of Simeulue Island, propagating northward towards the Andaman–Nicobar 
Archipelago. This study confirms that the 2004 Aceh earthquake involved rupture of at least 1,300 
km along the Sunda subduction trench, as found in most of the published models (Lay et al., 2005; 
Vigny et al., 2005). The preferred model resulted in a geodetic moment of 4.31 × 1022 Nm and the 
moment magnitude of Mw 9.0. A rupture at this scale can be seen as a result of a long period of elastic 
deformation accumulation over a wide area, where a high coupling coefficient was estimated during 
the pre–2004 earthquake interseismic period (Section 7.3). Many studies (Lay et al., 2005; Vigny et 
al., 2005; Chlieh et al., 2007) have debated the rupture length of the Aceh earthquake, the total 
moment released, and moment magnitude. Such arguments are mainly due to the following aspects, 
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such as the number of observations (near, intermediate, and far-field), geometric distribution of the 
monitoring stations, and the modelling strategy used in the modelling. In addition, the near-field 
geodetic observations are limited to survey-mode (campaign-based) measurements unable to resolve 
early postseismic transients from the estimated coseismic displacements (Chlieh et al., 2007). 
Nonetheless, the number of cGPS sites used in this study (Section 4.2.1) have recorded coseismic 
displacements and postseismic deformation for the Aceh event and set the stage for the result 
presented here. Thus, the deformation field of the Aceh earthquake in this study lacks the sensitivity 
of near-field observations to resolve the maximum slip and slip distribution at the width or the depth 
of the subduction interface. However, the distribution of the slip on the subduction interface parallel 
those independently determined results (Vigny et al., 2005) but differ in slip magnitude due to the 
geometry of the subduction interface and the dislocation segments.  
 
 
The 2004 earthquake caused significant and prolonged postseismic deformation over the 
western margin of the Sunda plate. The postseismic signal is still notable in the present-day velocity 
field, however, it was greatly decreased following the 2012 Wharton Basin earthquakes. Postseismic 
deformation of the Sunda plate is beginning to return to a state similar to the pre–2004 interseismic 
period (Section 7.3). To extend the understanding of the role of the 2012 rupture in this process, a 
coseismic dislocation model was then constructed for this strike-slip earthquake. This study suggest 
that the 2012 rupture appears to be dominated by the NNE trending fault rather than WNW trending 
fault based on the cGPS daily estimates (Section 7.4). The preference for an NNE trending fault is 
consistent with the seafloor in the Wharton Basin (Singh et al., 2011). A limitation for the inversion 
in this study is that it has been assumed that the 2012 rupture is a single earthquake event instead of 
doublet earthquakes (as shown by the cGPS position estimates). However, this finding is in good 
agreement with independent determinations from the back-projection analysis as described by 
Satriano et al. (2012). The corresponding coseismic slip trend from a broader spatial coverage in this 
study fits a NNE striking plane with an average model misfit of <1 mm.  
 
 
The spatial and temporal evolution of postseismic decay of the 2004 earthquake in the western 
margin of the Sunda plate decreased significantly after the 2012 earthquakes. This study shows a 
unique tectonic process development along the Sunda subduction trench that may persist through 
multiple earthquake cycles. Using nearly two decades of cGPS measurements, this study has showed 
that the 2004 Aceh and 2005 Nias postseismic deformation, as well as the maximum shear strain rates 
are decreased significantly after the 2012 Wharton Basin earthquakes. Other factors such as the 
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elastic plate thickness, type of fault, and fault geometry (length and depth) that played a major role in 
determining the change of the spatial pattern of postseismic relaxation (Pollitz, 1992) need to be 
further justified. Currently, deformation around the western margin of the Sunda plate is dominated 
by the 2012 postseismic relaxation (Figure 4.10). The continuation of this work should allow a more 








Continued Monitoring with Densify Network 
 
 
The continuous and long-term geodetic monitoring from six different countries thus far has 
suggested several areas for future research. The cGPS measurements on the Sunda plate should 
continue, and ideally, the regional geodetic network(s) should be expanded for a higher spatial 
density. It is apparent from geodynamics studies of the Sunda plate that many deformation activities 
are highly localised. For example, the vortex-like postseismic deformation pattern in the centre of 
Sumatra and the southern region of Peninsular Malaysia after the 2005 Nias earthquake (Section 
4.2.2), as well as the groundwater extraction induced land subsidence in northern Kelantan (Section 
6.4). A dense, continuous, high data sampling rate, multi-constellation Global Navigation Satellite 
Systems (GNSS) with unrestricted data access is needed for a modern geodetic network to operate in 
the Sundaland region. Potential research outcomes, such as GPS/GNSS seismology (Larson, 2009; 
Yong, 2012), GNSS imaging (Hammond et al., 2016) and other (geodetic-based earthquake and 
tsunami early warning system), could be expected from the establishment for such geodetic network 
in the Sundaland region.  
 
 
The emergence of low-cost single-frequency (LCSF) GNSS receivers/antennas have the 
potential to achieve comparable measurement precisions to that of the high-grade dual-frequency 
GPS receiver (Odolinski and Teunissen, 2016). Theoretically, such LCSF GNSS receivers can be used 
for densifying or augmenting the existing geodetic network to detect localised deformation. 
Furthermore, the emergence of the low-cost technology could be beneficial for countries like 
Indonesia, that stretches over an archipelago of 17,000 islands, extending ~5,150 km east to west. 
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This study focused on using only cGPS datasets instead of using other geodetic measurements, 
such as Interferometric Synthetic-Aperture Radar (InSAR). InSAR can significantly increase the 
spatial resolution in studying the ground surface deformation, which unachievable with GPS only 
measurement. The spatial resolution can be optimised within the line of sight (LOS) of the satellite 
footprint. However, the InSAR measurements have lower temporal resolution and the displacements 
have larger uncertainties. In addition, Southeast Asia is well-known for its regions of heavy vegetation, 




Determination of the Stress State 
 
 
Past studies (King et al., 1994; Wiseman and Bürgmann, 2012) show substantial evidence that 
faults interact via stress transfer. There is a link between the increased stress on faults with the 
location of the earthquakes and the seismicity rate. Studies of 2004 Aceh earthquake, 2005 Nias 
earthquake, and 2012 Wharton Basin doublet earthquakes along the Sunda subduction trench and 
the vicinity have also shown a relationship between the propagation of rupture and enhanced stress 
(Wiseman and Bürgmann, 2012). Similarly, Chapter 7 has shown that the interseismic slip rate deficit 
on the Sunda subduction zone evolved after the great earthquake rupture. Continued monitoring of 
the Sunda subduction interface will allow the quantification of stress change along the subduction 
segment after each new earthquake event and yet provide a sensible forecast for the location of future 
potential ruptures. This could be further enhanced with a denser LCSF GNSS network in the future, 
whereby it will be possible to achieve a near real-time monitoring of the active deformation region at 
a higher spatial-temporal resolution. 
 
 
Cataloguing the Regional Fault Information  
 
 
Active fault information in the Sundaland region is poorly catalogued. Many global and regional 
fault databases are incomplete and show only the surface faults and fault information without 
additional description. For example, the information such as the fault slip rate, approximate fault 
length and depth, and others (fault type, last event, recurrence interval). An active fault database will 
certainly improve a better understanding of the tectonic system and fault mechanism of the Sunda 
plate and the seismic hazards that they pose. Additionally, the database can be extended to 
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accommodate information on unmapped faults or dynamic triggering mechanism. To map the 
“unmapped” faults, this study proposed two working steps to realise this goal. Firstly, to densify the 
cGPS/cGNSS network using the low-cost single-frequency receiver/antenna. A higher densification of 
geodetic network enables the possibility to detect any localise deformation, including the unmapped 
faults. Next, to improve the maximum shear strain map of the region with the support of the 
densifying network. An improved shear strain map is able to distinguish the deformation level of a 
region, whereby, they could hunt for the unmapped fault lines. A fault system with multiple version 
of fault information, such as the Great Sumatran fault, need to be unified and revised in order to give 
the up-to-date presentation. Such data would be useful for inclusion in probabilistic seismic hazard 
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Figure A1: The availability of IGS sites used as the reference network in this study. The station markers are listed on the right of the graph 






Figure A2: The availability of SuGAR sites, Andaman-Nicobar sites (UNAVCO), the Philippine site (NAMRIA) and regional IGS sites (CUSV, 
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Figure B1: Geodetic monuments of JUML, KLAW, KUAL, MERU, TLOH, and UMAS sites. These figures 
show the example that most of the MyRTKnet sites have its own unique pillar type (photo courtesy 












Figure B2: Geodetic monuments of ABGS, LEWK, NGNG, PSKI, and SLBU sites from the SuGAR 
network. These monuments were established based on the PBO standard (photo courtesy of 






Table B1: Regional cGPS station Geodetic (Geocentric) positions in ITRF2008 and monument information 
Marker 
Name 
Location Lat. (°N) Lon. (°E) Height (m) Description 
India-Andaman 
CARI* Port Blair, Andaman 11.61419 92.71955    -2.2164 Permanent station unspecified monument 
HAV2 Havelock, Havelock Is. 12.03523 92.98045 -55.4956 Shallow foundation stainless steel pillar 
HUTB Hutbay, Little Andaman 10.60951 92.53241 -55.2747 Deep foundation pillar  
RNGT Rangat, Andaman 12.51356 92.90638    -9.1630 Deep foundation stainless steel pillar 
Indonesia 
ABGS Air Bangis, Sumatra   0.22082   99.38752 235.8431 Shallow drilled braced monument 
BAKO Bakosurtanal, Java -6.49105 106.84891 158.1372 Concrete pillar with brass tablet 
BITI Biouti, Nias   1.07860   97.81136    -7.6065 Unknown description 
BNOA Benoa, Bali -8.74650 115.20992   39.0040 Aluminium mast with concrete pier 
BNON Bunon, Simeulue   2.52081   96.15082      8.2764 Unknown description 
BSAT Bulasat, S. Pagai -3.07669 100.28456      5.8813 Shallow drilled braced monument 
BSIM Bandara, Simeulue   2.40927   96.32618  -23.3424 Shallow driven braced monument 
BTET Betaet, Siberut -1.28154   98.64394    21.1284 Shallow drilled braced monument 
BTHL Botohilithano, Nias   0.56918   97.71064    67.3400 Shallow drilled braced monument 
BTNG Bitung, Sulawesi   1.43892 125.19043    74.9700 Aluminium mast with concrete pier 
BUKT Bukit Tinggi, Nias -0.20186 100.31808 843.4339 Unknown description 
HNKO Hinako, Bawa 0.86790   97.34082      4.9049 Unknown description 
JMBI Jambi Uni., Sumatra -1.61560 103.52032   62.3895 Shallow drilled braced monument 
JOG2 YogYakarta, Java -7.76381 110.37246 174.2600 Pillar with brass nail 
KTET Katiet, Sipura -2.36255   99.84071   34.7587 Unknown description 
LAIS Lais Bengkulu, Sumatra -3.52923 102.03394   20.0222 Unknown description 
LEWK Lewak, Simeulue   2.92360   95.80406      6.4546 Shallow drilled braced monument 
LHWA Lahewa, Nias   1.38357   97.13448   18.5812 Shallow drilled braced monument 
LNNG Lunang, Sumatra -2.28532 101.15649   39.6465 Shallow drilled braced monument 
MKMK Mukomuko, Sumatra -2.54267 101.09142      0.0926 Shallow driven braced monument 
MLKN Malakoni, Enggano -5.35255 102.27649   16.5941 Shallow drilled braced monument 
MNNA Manna, Sumatra -4.45034 102.89026   28.0705 Unknown description 
MSAI Muara Saibi, Siberut -1.32642   99.08948   28.6784 Shallow drilled braced monument 
NGNG Nyang Nyang, Siberut -1.79966   99.26832   45.9119 Shallow drilled braced monument 
PARY Parry Sound, Sumatra -0.75256 100.31864 109.4834 Aluminium pillar with concrete block 
PBAI Pulau-Pulau Batu -0.03160   98.52622     -1.1700 Unknown description 
PBJO Pulau Bajo, West Nusa Tenggara -0.63651   98.51571    35.4995 Unknown description 
PBLI Pulau Balai, Banyak   2.30853   97.40528   -10.1444 Unknown description 
PKRT Pukarayat, Sipura -2.15138   99.54278    31.4035 Unknown description 
PPNJ Pulau Panjang, Sipura -1.99398   99.60369    34.4674 Unknown description 
PRKB Parak Batu, S. Pagai  -2.96659 100.39961    21.2437 Unknown description 
PSKI Sikuai, Padang -1.12468 100.35340    47.6567 Unknown description 
182 
 
PSMK Pulau Simuk, Nias -0.08931   97.86091      8.6361 Unknown description 
PTLO Pulau Telo, Nias -0.05460   98.28004    15.8916 Unknown description 
SAMP Sampali, Medan   3.62161   98.71472      2.0156 Concrete pillar on top of building 
SLBU Silabu, N. Pagai -2.76639 100.00972      2.1454 Unknown description 
SMGY Simagandjo, N. Pagai -2.61448 100.10264      6.5365 Unknown description 
TIKU Tiku, Sumatra -0.39913   99.94418    18.3354 Unknown description 
TLLU Taileleu, Siberut -1.80032   99.13413    97.5177 Unknown description 
TRTK Taratak, Sumatra -1.52075 100.62416 123.4213 Unknown description 
UMLH Udjung Muloh, Sumatra   5.05312   95.33899   -14.5981 Unknown description 
E. Malaysia (Borneo) 
AMAN Sri Aman, Sarawak 1.22186 111.45757   52.5725 6.0-meter concrete monument 
BEAU Beaufort, Sabah 5.35586 115.73041   82.6455 3.0-meter stainless steel pillar on top of the building 
BELA Belaga, Sarawak 3.04532 113.91595 218.2079 6.0-meter concrete monument 
BELU Kota Belud, Sabah 6.41746 116.44544   63.8446 2.0-meter stainless steel pillar on top of the building 
BIN1 Bintulu, Sarawak 3.24032 113.09434   59.0005 Unknown description 
BINT* Bintulu, Sarawak 3.26151 113.06722   48.7587 Unknown description 
DATU Lahad Datu, Sabah 5.02732 118.29707   77.0047 2.0-meter stainless steel pillar on top of the building 
KAPI* Kapit, Sarawak 2.00741 112.92799   79.8093 6.0-meter concrete monument 
KENI* Keningau, Sabah 5.36755 116.18093 351.6467 6.0-meter concrete monument 
KINA* Kinabatangan, Sabah 5.90460 116.03930   51.7228 Unknown description 
KUCH* Kuching, Sarawak 1.63240 110.19509   79.3863 Unknown description 
KUDA Kudat, Sabah 6.89814 116.84847   71.0463 Unknown description 
LAB1 Labuan, Sabah 5.28264 115.24477   57.3029 9.0-meter concrete monument 
LABU* Labuan, Sabah 5.28267 115.24478   49.7384 9.0-meter concrete monument 
LAWS Lawas, Sarawak 4.87218 115.41263   57.6313 6.0-meter concrete monument 
MIRI Miri, Sarawak 4.37210 114.00174   62.3831 2.0-meter stainless steel pillar on top of the building 
MRDI Marudi, Sarawak 4.18374 114.33374   70.1619 6.0-meter concrete monument 
MRDU Kota Marudu, Sabah 6.52389 116.76937   61.2881 8.0-meter concrete monument 
MTAW Tawau, Sabah 4.26277 117.88165   72.8336 3.5-meter concrete monument 
MUKA Mukah, Sarawak 2.87268 112.01991   46.4562 6.0-meter concrete monument 
NIAH Niah, Sarawak 3.86221 113.71440   61.5999 8.0-meter concrete monument 
RANA Ranau, Sabah 5.97384 116.67486 694.2218 6.0-meter concrete monument 
SAND Sandakan, Sabah 5.84240 118.12058 133.4917 3.0-meter concrete monument 
SARA Saratok, Sarawak 1.76410 111.33658   54.7956 6.0-meter concrete monument 
SEMA Sematan, Sarawak 1.80269 109.76348   41.9047 6.0-meter concrete monument 
SEMP Semporna, Sabah 4.47122 118.61815   76.7533 Unknown description 
SIB1 Sibu, Sarawak 2.07192 111.67327   60.5027 6.0-meter concrete monument 
SIBU* Sibu, Sarawak 2.27004 111.84276   46.6992 6.0-meter concrete monument 
TAWA* Tawau, Sabah 4.26277 117.88165   72.8675 Unknown description 
TEBE Tebedu, Sarawak 1.01696 110.35514 100.5452 6.0-meter concrete monument 
TENM Tenom, Sabah 5.16818 115.96049 283.8640 2.0-meter stainless steel pillar on top of the building 
TMBN Tambunan, Sabah 5.72386 116.40295 704.6060 8.0-meter concrete monument 
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UMAS UNIMAS, Sarawak 1.46831 110.42470   51.3645 Unknown description 
UMSS UMS, Sabah 6.03923 116.11203   76.3705 Unknown description 
W. Malaysia (Peninsular Malaysia) 
ARAU Arau, Perlis 6.45016 100.27974   18.0557 Stainless steel pillar on top of concrete based 
AYER Ayer Lanas, Kelantan 5.75024 101.86015   67.2603 6.0-meter concrete monument 
BABH Bandar Baharu, P. Pinang 5.14666 100.49366     8.9807 1.5-meter stainless steel pillar on top of the building 
BAHA Bahau, N. Sembilan 2.80651 102.37788   67.3768 3.0-meter concrete monument 
BANT Banting, Selangor 2.82596 101.53735     8.8400 1.5-meter stainless steel pillar on top of the building 
BEHR Tanjong Malim, Perak 3.76537 101.51721   68.6946 2.5-meter concrete monument 
BENT Bentong, Pahang 3.52692 101.90720   114.8058 1.5-meter stainless steel pillar on top of the building 
BKPL* Balik Pulau, P. Pinang 5.33898 100.21836      -0.0987 Unknown description 
CAME* Cameron Highland, Pahang 4.42472 101.38530 1119.1720 1.5-meter stainless steel pillar on top of the building 
CENE Kemaman, Terengganu 4.12309 103.23977      27.9807 2.0-meter stainless steel pillar on top of the building 
GAJA Kluang, Johor 2.12229 103.42271     60.1939 6.0-meter concrete monument 
GETI* Geting, Kelantan 6.22619 102.10546     -0.5078 Unknown description 
GMUS Gua Musang, Kelantan 4.86297 101.96380   125.9612 1.5-meter stainless steel pillar on top of the tower 
GRIK Gerik, Perak 5.43901 101.13028   149.1970 5.0-meter stainless steel pillar on top of the building 
IPOH* Ipoh, Perak 4.58847 101.12617     41.8172 Unknown description 
JHJY Johor Jaya, Johor 1.53681 103.79653     39.1793 1.5-meter stainless steel pillar on top of the tower 
JRNT Jerantut, Pahang 3.92428 102.38441     79.4908 6.0-meter concrete monument 
JUIP* Ipoh, Perak 4.60040 101.09060     63.5759 Unknown description 
JUML JUPEM, Melaka 2.21175 102.25610     19.7708 Unknown description 
KKBH* Kuala Kubu Bharu, Perak 3.56071 101.65864     83.7375 Unknown description 
KLAW Jelebu, N. Sembilan 2.98151 102.06367   168.4726 6.0-meter concrete monument 
KLUG* Kluang, Johor 2.02538 103.31681     73.5816 Unknown description 
KRAI Kuala Krai, Kelantan 5.50199 102.21968     31.7447 6.0-meter concrete monument 
KROM Kuala Rompin, Pahang 2.76306 103.49730     23.5797 1.5-meter stainless steel pillar on top of the building 
KTPK* Kuala Lumpur 3.17094 101.71761     99.7586 Unknown description 
KUAL Kuala Terengganu 5.31889 103.13915     54.9683 Unknown description 
KUAN* Kuantan, Pahang 3.83438 103.35035     25.4088 Unknown description 
KUKP Kukup, Johor 1.33328 103.45343     15.4128 6.0-meter concrete monument 
LASA Sungai Siput, Perak 4.92384 101.06804     61.4196 1.5-meter stainless steel pillar on top of the building 
LGKW Langkawi, Kedah 6.32850   99.85126     14.5151 1.5-meter stainless steel pillar on top of the tower 
LIPI* Kuala Lipis, Pahang  4.17601 102.10054     97.4350 6.0-meter concrete monument 
MARG* Merchang, Terengganu 5.02660 103.29456     31.5286 Unknown description 
MERS* Mersing, Johor 2.45347 103.82875     18.0816 1.5-meter stainless steel pillar on top of the building 
MERU Kelang, Selangor 3.13824 101.40746        6.4179 6.0-meter concrete monument 
MUAD Muadzam, Pahang 3.07179 103.07444     50.0710 6.0-meter concrete monument 
MUKH Dungun, Terengganu 4.61764 103.20945     54.4558 2.0-meter stainless steel pillar on top of the tower 
PASP Pasir Puteh, Kelantan 5.83795 102.35767     19.2271 6.0-meter concrete monument 
PDIC Port Dickson, N. Sembilan 2.52618 101.81053     31.1749 1.5-meter stainless steel pillar on top of the building 
PEKN Pekan, Pahang 3.49260 103.38969     26.0199 1.5-meter stainless steel pillar on top of the building 
184 
 
PRTS Parit Sulong, Johor 1.98141 102.87306     15.6652 1.5-meter stainless steel pillar on top of the building 
PUPK Pulau Pangkor, Perak 4.20699 100.55924     13.7935 2.5-meter stainless steel pillar on top of the building 
PUSI Batu Gajah, Perak 4.48070 101.01843     45.2867 3.0-meter concrete monument 
RTPJ* Rantau Panjang, Kelantan 6.00336 101.99147     23.9244 Unknown description 
SBKB Sabak Bernam, Selangor 3.81278 100.81641     15.5067 1.5-meter stainless steel pillar on top of the building 
SEG1 Segamat, Johor 2.48630 102.73202     28.5352 6.0-meter concrete monument 
SELM* Selama, Kedah 5.21713 100.69478     24.4148 Unknown description 
SETI Setiu, Terengganu 5.53250 102.73258     43.7026 2.0-meter stainless steel pillar on top of the building 
SGPT Sungai Petani, Kedah 5.64358 100.48838     10.2269 1.5-meter stainless steel pillar on top of the building 
SIK1 Sik, Kedah 5.80990 100.72889   44.3226 3.0-meter concrete monument 
SPGR Simpang Renggam, Johor 1.81060 103.32098   34.1833 1.5-meter stainless steel pillar on top of the building 
SRIJ Maran, Pahang 3.65994 102.90838   70.9349 6.0-meter concrete monument 
TERI* Kuala Berang, Terengganu 5.14698 102.96512   32.1268 2.0-meter stainless steel pillar on top of the building 
TGPG Tanjung Pengerang, Johor 1.36741 104.10826   18.0888 6.0-meter concrete monument 
TGRH* Jemaluang, Johor 2.07966 103.94694   60.1237 Unknown description 
TLKI Teluk Intan, Perak 3.99133 101.05384      4.0698 1.5-meter stainless steel pillar on top of the building 
TLOH Temerloh, Pahang 3.44945 102.41937   56.9848 1.5-meter stainless steel pillar on top of the building 
TOKA Alor Setar, Kedah 6.02961 100.40357   -3.2940 Unknown description 
UPMS Serdang, Selangor 2.99340 101.72351 100.3499 1.5-meter stainless steel pillar on top of the building 
USMP USM, P. Pinang 5.35779 100.30404   19.8761 3.0-meter concrete monument 
UTMJ* UTM, Johor 1.56581 103.63956     80.4053 Unknown description 
UUMK Sintok, Kedah 6.46218 100.50634   66.1190 1.5-meter stainless steel pillar on top of the building 
Philippines  
PIMO Manila Observatory 14.38086 121.04398 95.5820 Steel pipe with steel base anchored to concrete wall 
PTAG Taguig, Manila 14.53544 121.04077 86.6390 Pillar bolted to building roof 
Singapore 
NTUS NTU Singapore 1.34580 103.67996 75.3879 Pillar with tribrach  
Thailand 
CUSV Chulalongkorn 13.73591 100.53392 74.2864 Anchored steel mast on roof of building 
 
Note: cGPS stations marked with an asterisk indicate that the station has been inactivated or replaced by a new station with a different marker name. 
BINT to BIN1; CAME to CMRN; GETI to GET2; IPOH to JUIP; LIPI to KLIP; LABU to LAB1; SIBU to SIB1; TAWA to MTAW; GETI to GET2; MARG to MRCH; MERS to MRSG; 
KAPI to KPIT; KENI to KGAU;  
 
Reference: 
Nordin, A. F., Jamil, H., Mohamed, A., David Chang, L.H. (2009). Malaysia Real-Time Kinematic GNSS Network (MyRTKnet) in 2009 and Beyond. FIG 
Regional Conference 2009, 19-22 October, Hanoi, Vietnam.  




Figure B3: Seasonal signals, long-term rates and coseismic displacements (in magenta) of all the recorded 
earthquakes have been removed from the time series (order sorted in East, North and Height). Time series 
shows the postseismic decays (in green) of the great earthquakes with the modelled trajectory of station 




































































































































































































































































Appendix C – cGPS Coordinates and long-
term velocities  
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Table C1: Station coordinate, long-term velocity between 1999.0–2015.9 relative to ITRF2008 with 1 sigma 
uncertainties (in mm/yr), and data time span (in decimal year). 




CARI 11.61419 92.71955 19.88 24.60 0.15 0.15 2005.053 2015.999 
HAV2 12.03523 92.98045 10.93 18.88 0.17 0.17 2006.379 2015.341 
HUTB 10.60951 92.53241 2.42 32.43 0.18 0.18 2007.021 2014.873 
RNGT 12.51356 92.90638 6.56 18.85 0.18 0.18 2008.056 2015.999 
Indonesia 
ABGS   0.22082   99.38752 24.84 11.25 0.16 0.16 2004.690 2014.489 
BAKO -6.49105 106.84891 24.43 -5.32 0.12 0.12 1999.007 2015.919 
BITI   1.07860   97.81136 42.26 35.50 0.18 0.18 2005.903 2013.988 
BNOA -8.74650 115.20992 29.96 -8.07 0.33 0.33 2013.563 2015.897 
BNON   2.52081   96.15082 10.21 -6.09 0.24 0.24 2010.451 2014.703 
BSAT -3.07669 100.28456 31.90 35.78 0.14 0.14 2002.349 2015.185 
BSIM   2.40927   96.32618 28.61 24.01 0.16 0.16 2005.086 2014.344 
BTET -1.28154   98.64394 39.41 36.10 0.16 0.16 2005.875 2015.185 
BTHL   0.56918   97.71064 34.08 35.03 0.17 0.17 2005.623 2013.996 
BUKT -0.20186 100.31808 26.91 0.74 0.22 0.22 2010.007 2015.185 
HNKO 0.86790   97.34082 10.02 -3.80 0.26 0.26 2010.451 2014.234 
JMBI -1.61560 103.52032 20.43 -8.78 0.16 0.16 2004.652 2014.481 
JOG2 -7.76381 110.37246 27.29 -10.63 0.25 0.25 2011.336 2015.234 
KTET -2.36255   99.84071 20.39 21.90 0.19 0.19 2008.072 2014.782 
LAIS -3.52923 102.03394 25.34 11.66 0.17 0.17 2006.171 2015.185 
LEWK   2.92360   95.80406 43.52 25.02 0.19 0.19 2005.097 2012.275 
LHWA   1.38357   97.13448 21.75 21.03 0.29 0.29 2005.122 2008.173 
LNNG -2.28532 101.15649 25.50 14.06 0.15 0.15 2004.641 2015.185 
MKMK -2.54267 101.09142 25.03 18.40 0.16 0.16 2004.643 2014.505 
MLKN -5.35255 102.27649 17.15 17.04 0.16 0.16 2005.585 2015.185 
MNNA -4.45034 102.89026 17.78 7.05 0.17 0.17 2006.160 2015.182 
MSAI -1.32642   99.08948 34.33 32.07 0.14 0.14 2002.349 2015.185 
NGNG -1.79966   99.26832 33.71 30.46 0.15 0.15 2004.619 2015.185 
PARY -0.75256 100.31864 24.33 6.54 0.23 0.23 2010.007 2014.607 
PBAI -0.03160   98.52622 29.25 22.00 0.26 0.26 2002.621 2006.229 
PBJO -0.63651   98.51571 29.02 26.99 0.16 0.16 2005.612 2015.042 
PBLI   2.30853   97.40528 14.77 2.89 0.16 0.16 2005.629 2015.179 
PKRT -2.15138   99.54278 28.77 30.91 0.19 0.19 2008.004 2015.185 
PPNJ -1.99398   99.60369 31.10 30.70 0.15 0.15 2004.616 2015.185 
PRKB -2.96659 100.39961 32.69 35.77 0.15 0.15 2004.600 2015.185 
PSKI -1.12468 100.35340 28.28 17.21 0.14 0.14 2002.349 2014.385 
PSMK -0.08931   97.86091 21.77 27.53 0.14 0.14 2002.349 2014.358 
PTLO -0.05460   98.28004 25.83 20.01 0.14 0.14 2002.349 2015.185 
SAMP   3.62161   98.71472 30.90 0.26 0.14 0.14 1999.001 2011.875 
SLBU -2.76639 100.00972 16.66 28.81 0.15 0.15 2004.608 2015.070 
SMGY -2.61448 100.10264 18.96 26.28 0.20 0.20 2008.056 2014.563 
TIKU -0.39913   99.94418 20.76 14.61 0.17 0.17 2006.179 2015.185 
TLLU -1.80032   99.13413 32.42 35.30 0.21 0.21 2009.001 2014.536 
TRTK -1.52075 100.62416 24.37 10.09 0.22 0.22 2010.007 2015.185 
UMLH   5.05312   95.33899 0.20 -19.22 0.16 0.16 2005.319 2015.185 
E. Malaysia (Borneo) 
AMAN 1.22186 111.45757 34.66 -21.37 0.17 0.17 2007.725 2015.999 
BEAU 5.35586 115.73041 23.89 -9.65 0.18 0.18 2007.903 2015.999 
BELA 3.04532 113.91595 27.61 -10.59 0.19 0.19 2008.835 2015.747 
BELU 6.41746 116.44544 24.77 -10.41 0.19 0.19 2008.835 2015.747 
BIN1 3.24032 113.09434 25.14 -10.08 0.17 0.17 2007.716 2015.999 
BINT 3.26151 113.06722 27.05 -11.34 0.21 0.21 1999.086 2004.999 
DATU 5.02732 118.29707 23.25 -14.22 0.19 0.19 2008.837 2015.747 
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KAPI 2.00741 112.92799 28.26 -11.36 0.18 0.18 2007.914 2015.621 
KENI 5.36755 116.18093 24.76 -9.46 0.18 0.18 2007.914 2015.999 
KINA 5.90460 116.03930 25.67 -9.82 0.20 0.20 1999.037 2005.015 
KUCH 1.63240 110.19509 27.64 -9.43 0.21 0.21 1999.001 2004.862 
KUDA 6.89814 116.84847 26.00 -10.99 0.18 0.18 2007.897 2015.684 
LAB1 5.28264 115.24477 23.33 -6.85 0.18 0.18 2008.526 2015.999 
LABU 5.28267 115.24478 24.99 -11.42 0.20 0.20 1999.042 2005.015 
LAWS 4.87218 115.41263 25.89 -7.91 0.19 0.19 2008.837 2015.960 
MIRI 4.37210 114.00174 25.43 -9.37 0.12 0.12 1999.215 2015.999 
MRDI 4.18374 114.33374 25.24 -10.79 0.19 0.19 2008.835 2015.999 
MRDU 6.52389 116.76937 26.98 -11.79 0.19 0.19 2008.837 2015.999 
MTAW 4.26277 117.88165 22.00 -13.93 0.12 0.12 1999.390 2015.867 
MUKA 2.87268 112.01991 26.23 -9.09 0.19 0.19 2009.086 2015.999 
NIAH 3.86221 113.71440 24.53 -10.07 0.19 0.19 2008.837 2015.944 
RANA 5.97384 116.67486 24.76 -11.68 0.19 0.19 2008.835 2015.999 
SAND 5.84240 118.12058 25.93 -13.12 0.12 0.12 1999.388 2015.881 
SARA 1.76410 111.33658 27.69 -10.69 0.19 0.19 2008.835 2015.999 
SEMA 1.80269 109.76348 25.34 -9.69 0.18 0.18 2007.936 2015.999 
SEMP 4.47122 118.61815 20.67 -15.72 0.19 0.19 2008.835 2015.812 
SIB1 2.07192 111.67327 25.63 -10.37 0.18 0.18 2007.919 2015.999 
SIBU 2.27004 111.84276 21.43 -11.37 0.24 0.24 2000.455 2004.922 
TAWA 4.26277 117.88165 21.98 -13.98 0.12 0.12 1999.390 2015.867 
TEBE 1.01696 110.35514 25.24 -9.71 0.19 0.19 2008.837 2015.999 
TENM 5.16818 115.96049 24.16 -9.98 0.19 0.19 2008.837 2015.999 
TMBN 5.72386 116.40295 23.55 -11.25 0.19 0.19 2008.835 2015.999 
UMAS 1.46831 110.42470 25.54 -9.24 0.15 0.15 2004.928 2015.747 
UMSS 6.03923 116.11203 25.37 -10.68 0.15 0.15 2004.936 2015.999 
W. Malaysia (Peninsular Malaysia) 
ARAU 6.45016 100.27974 32.76 -3.12 0.12 0.12 1999.001 2015.999 
AYER 5.75024 101.86015 15.27 -6.97 0.17 0.17 2007.470 2015.999 
BABH 5.14666 100.49366 21.56 -7.84 0.15 0.15 2004.928 2015.999 
BAHA 2.80651 102.37788 22.86 -5.86 0.17 0.17 2007.467 2015.999 
BANT 2.82596 101.53735 22.49 -5.54 0.15 0.15 2004.928 2015.999 
BEHR 3.76537 101.51721 28.23 -4.86 0.14 0.14 2002.612 2015.999 
BENT 3.52692 101.90720 17.14 -7.85 0.17 0.17 2007.467 2015.999 
BKPL 5.33898 100.21836 13.26 -4.62 0.34 0.33 2004.928 2007.168 
CAME 4.42472 101.38530 14.45 -8.99 0.17 0.17 2007.470 2015.747 
CENE 4.12309 103.23977 19.11 -7.12 0.17 0.17 2007.470 2015.999 
GAJA 2.12229 103.42271 22.23 -7.81 0.18 0.18 2007.952 2015.999 
GETI 6.22619 102.10546 31.31 -4.27 0.12 0.12 1999.001 2015.999 
GMUS 4.86297 101.96380 23.78 -7.10 0.15 0.15 2004.928 2015.999 
GRIK 5.43901 101.13028 22.60 -7.56 0.15 0.15 2004.928 2015.999 
IPOH 4.58847 101.12617 32.76 -2.30 0.21 0.21 1999.248 2004.947 
JHJY 1.53681 103.79653 24.87 -7.90 0.15 0.15 2004.928 2015.999 
JRNT 3.92428 102.38441 17.78 -7.83 0.17 0.17 2007.478 2015.999 
JUIP 4.60040 101.09060 18.34 -4.93 0.32 0.32 2004.928 2007.366 
JUML 2.21175 102.25610 24.04 -6.91 0.15 0.15 2004.928 2015.747 
KKBH 3.56071 101.65864 23.26 -4.82 0.32 0.32 2004.928 2007.352 
KLAW 2.98151 102.06367 22.57 -9.47 0.15 0.15 2004.928 2015.999 
KLUG 2.02538 103.31681 24.99 -6.86 0.28 0.28 2004.928 2008.214 
KRAI 5.50199 102.21968 18.98 -6.46 0.17 0.17 2007.470 2015.999 
KROM 2.76306 103.49730 22.01 -6.32 0.17 0.17 2007.478 2015.999 
KTPK 3.17094 101.71761 31.14 -3.75 0.21 0.21 1999.232 2005.015 
KUAL 5.31889 103.13915 31.39 -5.60 0.12 0.12 1999.001 2015.999 
KUAN 3.83438 103.35035 31.17 -3.79 0.21 0.21 1999.174 2005.015 
KUKP 1.33328 103.45343 23.79 -6.74 0.15 0.15 2004.928 2015.999 
LASA 4.92384 101.06804 13.80 -8.27 0.17 0.17 2007.470 2015.999 
LGKW 6.32850   99.85126 15.27 -8.53 0.15 0.15 2004.928 2015.999 
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LIPI 4.17601 102.10054 21.10 -6.37 0.17 0.17 2007.478 2015.999 
MARG 5.02660 103.29456 20.05 -6.11 0.32 0.32 2004.988 2007.407 
MERS 2.45347 103.82875 23.25 -8.92 0.15 0.15 2004.928 2015.999 
MERU 3.13824 101.40746 19.50 -8.46 0.15 0.15 2004.928 2015.999 
MUAD 3.07179 103.07444 23.49 -4.51 0.17 0.17 2007.467 2015.999 
MUKH 4.61764 103.20945 21.05 -6.63 0.17 0.17 2007.566 2015.999 
PASP 5.83795 102.35767 15.20 -8.04 0.17 0.17 2007.478 2015.999 
PDIC 2.52618 101.81053 21.53 -6.14 0.17 0.17 2007.467 2015.999 
PEKN 3.49260 103.38969 23.96 -6.57 0.15 0.15 2004.928 2015.999 
PRTS 1.98141 102.87306 21.54 -7.68 0.17 0.17 2007.478 2015.999 
PUPK 4.20699 100.55924 16.37 -9.80 0.15 0.15 2004.928 2015.999 
PUSI 4.48070 101.01843 13.53 -9.78 0.17 0.17 2007.505 2015.999 
RTPJ 6.00336 101.99147 8.73 -9.33 0.35 0.35 2004.928 2006.999 
SBKB 3.81278 100.81641 14.24 -9.59 0.17 0.17 2007.478 2015.999 
SEG1 2.48630 102.73202 24.83 -6.08 0.17 0.17 2007.478 2015.999 
SELM 5.21713 100.69478 13.75 -4.97 0.32 0.32 2004.928 2007.368 
SETI 5.53250 102.73258 16.75 -7.94 0.17 0.17 2007.470 2015.999 
SGPT 5.64358 100.48838 16.34 -9.36 0.15 0.15 2004.928 2015.747 
SIK1 5.80990 100.72889 17.68 -7.24 0.17 0.17 2007.478 2015.999 
SPGR 1.81060 103.32098 23.83 -6.47 0.17 0.17 2007.478 2015.747 
SRIJ 3.65994 102.90838 24.54 -6.57 0.17 0.17 2007.478 2015.999 
TERI 5.14698 102.96512 20.06 -6.87 0.17 0.17 2007.522 2015.999 
TGPG 1.36741 104.10826 24.55 -5.92 0.15 0.15 2004.928 2015.963 
TGRH 2.07966 103.94694 24.82 -4.75 0.17 0.17 2007.478 2015.818 
TLKI 3.99133 101.05384 14.01 -8.90 0.17 0.17 2007.478 2015.999 
TLOH 3.44945 102.41937 23.57 -7.66 0.15 0.15 2004.928 2015.999 
TOKA 6.02961 100.40357 8.19 -11.81 0.18 0.18 2008.245 2015.999 
UPMS 2.99340 101.72351 21.82 -7.92 0.15 0.15 2004.928 2015.999 
USMP 5.35779 100.30404 33.97 -4.52 0.12 0.12 1999.936 2015.999 
UTMJ 1.56581 103.63956   30.96 -5.31 0.21 0.21 1999.105 2005.015 
UUMK 6.46218 100.50634 17.67 -9.02 0.15 0.15 2004.928 2015.999 
Philippines  
PIMO 14.38086 121.04398 -28.59 6.73 0.12 0.12 1999.308 2015.999 
PTAG 14.53544 121.04077 -23.47 4.69 0.22 0.22 2011.001 2015.999 
Singapore 
NTUS 1.34580 103.67996 29.95 -5.91 0.12 0.12 1999.004 2015.259 
Thailand 















Table C2: Station coordinate and geodetic-based velocity fields between 1991.0–2001.0 relative to Sunda plate 
with 1 sigma uncertainties (in mm/yr), from Prawirodirdjo et al. (2010). 
Site Lon (N°) Lat (E°) 
1991.0–2001.0 
VE VN SE SN 
0625 98.94    2.23 1.83    2.23    1.69    3.86 
0706 98.71    2.26 1.64 16.81 4.00 2.00 
airb 99.39    0.22 1.83 19.98 4.01 1.77 
ajun 99.77    -0.16 3.4 21.73 4.38 2.27 
d937 99.28 -1.75 15.59 37.67 2.87 2.35 
d944 98.53 -0.34 6.84 27.92 2.31 1.31 
d947 98.85 0.09 8.81 11.25 4.11 1.72 
d949 98.27 -0.04 4.35 29.28 4.57 1.52 
d952 97.82 0.56 1.52 29.13 12.14 2.63 
d953 97.95 0.96 4.35 26.47 4.27 1.63 
d956 97.71 1.17 0.32 28.12 9.04 4.52 
d959 98.78 1.73 14.49 21.61 6.45 2.39 
d962 97.45 1.70 1.21 32.07 1.39 1.22 
d967 97.56 2.38 -11.60 46.52 12.45 13.50 
d970 97.15 2.22 16.79 65.53 8.78 11.13 
demu 99.63 2.48 3.78 1.73 0.87 1.35 
engg 102.16 -5.29 -3.48 44.93 9.12 14.01 
julu 98.46 2.14 -3.00 17.37 3.91 1.77 
k448 98.39 2.73 -0.07 14.66 4.00 2.00 
k508 95.31 5.54 -7.16 23.41 5.18 2.65 
kaca 100.65 -0.71 9.46 10.11 1.69 1.37 
mart 98.68 2.54 -1.16 11.88 2.49 1.11 
nind 98.75 2.75 5.03 3.70 9.94 3.36 
nsib 98.91 -0.92 3.01 32.30 5.59 6.00 
p003 100.43 -1.12 2.69 25.17 3.22 2.48 
padu 100.35 -0.88 -0.82 21.43 2.19 1.27 
paga 100.22 -2.78 15.34 35.30 2.32 0.90 
pand 98.82 1.69 -10.24 16.88 2.65 3.99 
pisa 98.91 1.86 -6.72 18.86 2.58 0.79 
pisu 99.15 2.46 17.37 6.93 4.00 2.00 
sika 99.08 0.64 1.00 17.78 3.69 1.25 
siob 99.84 -2.35 5.01 30.55 2.29 0.70 
spg2 100.45 -0.95 1.96 22.70 2.03 1.15 














Table C3: Station coordinate and geodetic-based velocity fields between 2001.0–2007.0 relative to Sunda plate 
with 1 sigma uncertainties (in mm/yr), from Prawirodirdjo et al. (2010). 
Site Lon (N°) Lat (E°) 
2001.0–2007.0 
VE VN SE SN 
engg 102.16 -5.29 -15.52 9.85 1.45 1.18 
kaca 100.65 -0.71 10.52 7.42 12.52 1.83 
ktjw 104.34 -5.60 -8.39 9.48 1.29 0.44 
padu 100.35 -0.88 2.89 21.16 0.48 0.52 
pgai 100.22 -2.78 6.62 38.71 4.68 1.22 
spg2 100.45 -0.95 4.61 38.66 1.53 3.03 
tboh 100.16 -0.63 -8.92 17.63 1.64 0.91 
tjcn 104.73 -5.93 -5.73 8.66 3.68 1.05 
ABGS 99.39 0.22 -10.08 15.86 1.65 1.34 
BSAT 100.28 -3.08 10.61 43.40 0.80 0.47 
BTET 98.64 -1.28 13.76 40.28 0.75 0.86 
JMBI 103.52 -1.62 2.24 4.38 1.08 1.04 
LAIS 102.03 -3.53 -5.73 18.07 1.60 0.61 
LNNG 101.16 -2.29 4.00 22.98 1.06 0.94 
MKMK 101.09 -2.54 3.82 25.67 1.27 0.97 
MLKN 102.28 -5.35 -10.70 14.64 1.58 0.96 
MNNA 102.89 -4.45 -10.29 10.70 1.02 0.40 
MSAI 99.09 -1.33 9.35 35.77 0.81 0.57 
NGNG 99.27 -1.80 14.83 39.29 1.42 0.96 
PBAI 98.53 -0.03 0.35 24.39 0.84 0.80 
PBJO 98.52 -0.64 6.38 20.50 2.48 1.19 
PPNJ 99.60 -1.99 9.02 36.82 3.28 1.17 
PRKB 100.40 -2.97 9.37 36.80 0.52 1.00 
PSKI 100.35 -1.12 1.87 22.17 0.77 0.55 
PSMK 97.86 -0.09 -4.04 19.54 1.40 1.23 
PTLO 98.28 -0.05 0.19 26.78 0.98 1.16 


















Table C4: Station coordinate and geodetic-based velocity fields between 2007.0–2012.2 and 2012.2–2015.9 relative to Sunda plate with 1 sigma 
























Site Lon (N°) Lat (E°) 
2007.0–2012.2 2012.2–2015.9 
VE VN SE SN VE VN SE SN 
ABGS 99.39 0.22 -3.57 15.86 0.22 0.22 2.14 17.72 1.81 1.31 
AMAN 111.46 1.22 5.18 -11.22 0.23 0.23 9.08 -9.42 0.27 0.25 
ARAU 100.28 6.45 -16.99 -4.46 0.23 0.23 -4.02 -0.13 0.19 0.15 
AYER 101.86 5.75 -9.02 0.06 0.23 0.23 1.39 2.17 0.74 0.56 
BABH 100.49 5.15 -14.27 -3.52 0.22 0.22 -0.98 1.03 0.14 0.12 
BAHA 102.38 2.81 -3.45 1.24 0.23 0.23 2.09 2.87 0.16 0.14 
BAKO 106.85 -6.49 -4.23 0.10 0.22 0.22 -5.18 2.15 0.44 0.33 
BANT 101.54 2.83 -7.75 0.58 0.22 0.22 0.52 2.04 0.16 0.14 
BEAU 115.73 5.36 -1.24 3.89 0.24 0.24 0.26 3.37 0.29 0.24 
BEHR 101.52 3.77 -9.58 -1.90 0.23 0.23 -0.13 1.25 0.58 0.48 
BELA 113.92 3.05 0.53 -0.70 0.27 0.27 2.76 3.50 0.60 0.37 
BELU 116.45 6.42 0.18 3.34 0.27 0.27 1.74 3.21 0.33 0.27 
BENT 101.91 3.53 -8.40 -0.90 0.23 0.23 0.52 1.76 0.20 0.18 
BIN1 113.09 3.24 -0.94 2.19 0.23 0.23 0.69 1.92 0.37 0.27 
BINT 113.07 3.26 1.45 0.83 0.21 0.21 – – – – 
BITI 97.81 1.08 -6.52 19.66 0.22 0.22 -0.68 22.63 1.78 1.55 
BNOA 115.21 -8.75 – – – – -0.45 4.91 1.53 1.68 
BNON 96.15 2.52 -16.08 -2.84 0.37 0.37 13.98 15.09 0.86 0.78 
BSAT 100.28 -3.08 2.68 42.95 0.22 0.22 -26.09 17.41 1.77 1.64 
BSIM 96.33 2.41 -13.58 11.52 0.22 0.22 16.33 24.59 1.12 0.84 
BTET 98.64 -1.28 10.03 41.54 0.22 0.22 8.28 45.37 0.79 0.65 
BTHL 97.71 0.57 -6.33 27.83 0.22 0.22 0.96 31.85 0.82 0.65 
BTNG 125.19 1.44 – – – – -5.85 10.19 1.20 0.88 
BUKT 100.32 -0.20 -1.02 5.97 0.33 0.33 3.10 7.84 0.54 0.50 
CAME 101.39 4.42 -10.69 -2.29 0.23 0.23 -0.78 1.31 0.24 0.20 
CARI 92.72 11.61 -15.02 21.65 0.22 0.22 -13.87 19.84 0.42 0.41 
CENE 103.24 4.12 -6.01 0.22 0.23 0.23 1.11 4.78 0.30 0.24 
CUSV 100.53 13.74 – – – – 3.78 -1.88 0.32 0.31 
DATU 118.30 5.03 -2.28 0.21 0.27 0.27 -0.67 0.30 0.38 0.32 
GAJA 103.42 2.12 -4.44 0.17 0.24 0.24 1.46 -1.53 0.14 0.15 
GETI 102.11 6.23 -2.57 -6.47 0.23 0.23 -1.70 3.97 0.40 0.46 
GMUS 101.96 4.86 -9.46 -0.95 0.22 0.22 -0.46 1.76 0.18 0.16 
GRIK 101.13 5.44 -12.02 -2.61 0.22 0.22 -1.75 1.11 0.19 0.18 
HAV2 92.98 12.04 -23.62 9.84 0.22 0.22 -17.19 13.07 0.87 0.84 
HNKO 97.34 0.87 -17.63 0.42 0.37 0.37 -5.45 8.58 2.65 2.18 
HUTB 92.53 10.61 -28.45 35.87 0.22 0.22 -21.75 32.82 2.44 2.05 
JHJY 103.80 1.54 -3.15 1.24 0.22 0.22 -0.11 1.32 0.28 0.26 
JMBI 103.52 -1.62 -6.12 -0.02 0.22 0.22 -4.58 -2.94 0.86 0.75 
JOG2 110.37 -7.76 – – – – -1.62 1.51 1.73 1.35 
JRNT 102.38 3.92 -7.63 -0.64 0.23 0.23 0.13 2.02 0.17 0.16 
JUML 102.26 2.21 -4.26 0.86 0.22 0.22 0.73 -0.05 0.14 0.16 























Site Lon (N°) Lat (E°) 
2007.0–2012.2 2012.2–2015.9 
VE VN SE SN VE VN SE SN 
KENI 116.18 5.37 -0.39 4.24 0.24 0.24 0.60 3.58 0.32 0.25 
KLAW 102.06 2.98 -6.50 -0.90 0.22 0.22 1.07 3.57 0.18 0.30 
KRAI 102.22 5.50 -5.08 1.16 0.23 0.23 17.32 9.09 1.09 0.80 
KROM 103.50 2.76 -4.04 1.36 0.23 0.23 1.29 1.35 0.15 0.13 
KTET 99.84 -2.36 -8.09 26.48 0.24 0.24 -12.59 17.47 2.19 1.71 
KUAL 103.14 5.32 6.81 1.13 0.23 0.23 -0.43 1.36 0.14 0.13 
KUDA 116.85 6.90 1.46 2.90 0.24 0.24 3.45 2.65 0.29 0.24 
KUKP 103.45 1.33 -3.40 1.67 0.22 0.22 -1.22 -0.91 0.19 0.17 
LAB1 115.24 5.28 -1.84 6.18 0.26 0.26 -0.70 6.40 0.26 0.24 
LAIS 102.03 -3.53 -9.38 12.81 0.22 0.22 -14.74 9.35 0.85 0.69 
LASA 101.07 4.92 -12.18 -2.32 0.23 0.23 -0.87 2.09 0.17 0.17 
LAWS 115.41 4.87 0.33 6.00 0.27 0.27 0.45 4.06 0.55 0.29 
LEWK 95.80 2.92 -3.30 15.96 0.22 0.22 21.79 25.03 1.17 0.83 
LGKW 99.85 6.33 -17.96 -5.91 0.22 0.22 -5.00 -0.60 0.24 0.24 
LHWA 97.13 1.38 -50.56 -39.44 0.47 0.47 – – – – 
LIPI 102.10 4.18 -4.53 -0.19 0.23 0.23 0.54 3.10 0.31 0.29 
LNNG 101.16 -2.29 0.15 22.17 0.22 0.22 – – – – 
MERS 103.83 2.45 -4.43 -0.06 0.23 0.23 1.53 1.10 0.13 0.12 
MERU 101.41 3.14 -8.34 -2.64 0.22 0.22 -0.61 1.85 0.48 0.52 
MIRI 114.00 4.37 -1.57 3.37 0.23 0.23 0.30 2.76 0.25 0.19 
MKMK 101.09 -2.54 0.57 34.93 0.22 0.22 -17.91 8.28 0.65 0.62 
MLKN 102.28 -5.35 -13.11 23.90 0.22 0.22 -12.01 23.71 0.92 0.77 
MNNA 102.89 -4.45 -11.48 13.91 0.22 0.22 -13.27 17.10 1.25 1.19 
MRDI 114.33 4.18 0.38 2.26 0.27 0.27 -0.05 1.68 0.41 0.27 
MRDU 116.77 6.52 2.70 1.79 0.27 0.27 3.27 2.26 0.38 0.28 
MSAI 99.09 -1.33 5.68 36.25 0.22 0.22 5.41 37.79 0.68 0.58 
MTAW 117.88 4.26 -3.91 0.06 0.23 0.23 -2.91 0.22 0.27 0.20 
MUAD 103.07 3.07 -2.36 2.72 0.23 0.23 0.58 1.96 0.12 0.13 
MUKA 112.02 2.87 -0.13 3.00 0.28 0.28 1.01 2.41 0.26 0.20 
MUKH 103.21 4.62 -4.28 0.67 0.23 0.23 1.65 1.03 0.36 0.34 
NGNG 99.27 -1.80 7.09 36.83 0.22 0.22 1.86 35.42 1.47 1.18 
NIAH 113.71 3.86 -2.46 3.15 0.27 0.27 1.29 1.55 0.65 0.42 
NTUS 103.68 1.35 -2.72 0.54 0.23 0.23 0.88 0.19 0.37 0.26 
PARY 100.32 -0.75 -2.95 11.48 0.33 0.33 -1.34 14.46 0.71 0.69 
PASP 102.36 5.84 -9.25 -0.90 0.23 0.23 -0.88 2.27 0.18 0.15 
PBJO 98.52 -0.64 3.66 29.30 0.22 0.22 1.54 32.29 1.32 1.12 
PBLI 97.41 2.31 -12.79 6.00 0.22 0.22 4.23 13.99 0.80 0.63 
PDIC 101.81 2.53 -5.16 0.47 0.23 0.23 0.70 2.17 0.11 0.11 
PEKN 103.39 3.49 -4.13 1.67 0.22 0.22 1.02 1.67 0.11 0.10 
PIMO 121.08 14.64 – – – – -46.80 21.41 0.44 0.31 
PKRT 99.54 -2.15 8.12 38.40 0.24 0.24 -5.95 27.27 0.89 0.79 
PPNJ 99.60 -1.99 5.54 32.67 0.22 0.22 -1.22 30.95 1.95 1.79 
PRKB 100.40 -2.97 0.19 42.43 0.22 0.22 -21.50 26.46 2.40 1.89 
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Table C4: (continued) 
 
Site Lon (N°) Lat (E°) 
2007.0–2012.2 2012.2–2015.9 
VE VN SE SN VE VN SE SN 
PRTS 102.87 1.98 -5.51 -1.05 0.23 0.23 -0.86 0.43 0.32 0.23 
PSKI 100.35 -1.12 1.58 25.02 0.22 0.22 -2.30 16.15 0.72 0.63 
PSMK 97.86 -0.09 -10.32 5.92 0.22 0.22 -4.10 23.22 1.05 0.80 
PTAG 121.04 14.54 – – – – -43.68 20.18 0.46 0.42 
PTLO 98.28 -0.05 -2.13 16.35 0.22 0.22 0.72 21.38 0.52 0.44 
PUPK 100.56 4.21 -12.11 -4.15 0.22 0.22 0.76 0.59 0.39 0.39 
PUSI 101.02 4.48 -11.70 -3.30 0.23 0.23 -0.54 1.01 0.15 0.14 
RANA 116.67 5.97 -0.02 1.91 0.27 0.27 1.60 2.23 0.66 0.62 
RBAY 32.08 -28.80 -14.78 -5.57 0.13 0.13 – – – – 
SAMP 98.71 3.62 -15.82 -21.49 0.23 0.23 – – – – 
SAND 118.12 5.84 -0.25 0.35 0.25 0.25 1.21 2.09 0.27 0.21 
SARA 111.34 1.76 0.23 1.15 0.27 0.27 1.95 0.66 0.19 0.16 
SBKB 100.82 3.81 -11.07 -3.10 0.23 0.23 0.50 1.40 0.21 0.22 
SEG1 102.73 2.49 -1.93 0.63 0.23 0.23 1.43 2.46 0.17 0.16 
SEMA 109.76 1.80 -1.91 0.93 0.24 0.24 0.90 1.19 0.24 0.20 
SEMP 118.62 4.47 -4.95 -1.18 0.27 0.27 -3.78 -1.14 0.28 0.22 
SETI 102.73 5.53 -7.68 -0.41 0.23 0.23 -1.93 -0.32 0.31 0.26 
SGPT 100.49 5.64 -13.80 -5.02 0.22 0.22 -3.02 0.89 0.21 0.19 
SIB1 111.67 2.07 -1.10 1.34 0.24 0.24 0.64 0.98 0.19 0.16 
SIK1 100.73 5.81 -9.16 -0.72 0.23 0.23 -1.65 1.39 0.31 0.37 
SLBU 100.01 -2.77 -17.26 33.97 0.22 0.22 -32.86 2.16 2.20 1.79 
SMGY 100.10 -2.61 -8.97 30.98 0.24 0.24 -25.44 11.64 2.26 1.79 
SPGR 103.32 1.81 -3.03 1.07 0.23 0.23 1.31 1.00 0.14 0.14 
SRIJ 102.91 3.66 -3.05 0.55 0.23 0.23 2.29 0.74 0.16 0.13 
TEBE 110.36 1.02 -1.88 0.76 0.27 0.27 -0.41 1.93 0.31 0.23 
TENM 115.96 5.17 -1.51 3.36 0.27 0.27 0.30 3.54 0.42 0.24 
TERI 102.97 5.15 -5.69 0.42 0.23 0.23 0.23 2.11 0.23 0.25 
TGPG 104.11 1.37 -4.53 -1.15 0.25 0.25 0.47 2.60 0.17 0.26 
TGRH 103.95 2.08 -2.08 3.38 0.23 0.23 1.70 0.41 0.15 0.15 
TIKU 99.94 -0.40 -7.09 24.79 0.22 0.22 -1.11 19.05 1.66 1.26 
TLKI 101.05 3.99 -11.75 -2.81 0.23 0.23 -3.76 1.26 0.22 0.21 
TLLU 99.13 -1.80 4.13 37.67 0.28 0.28 5.06 41.54 0.93 0.84 
TLOH 102.42 3.45 -7.50 -0.49 0.22 0.22 0.06 1.87 0.16 0.14 
TMBN 116.40 5.72 -2.07 2.37 0.27 0.27 0.41 2.42 0.34 0.24 
TNTI 98.73 -0.97 6.19 36.01 0.48 0.48 – – – – 
TOKA 100.40 6.03 -16.32 -5.77 0.25 0.25 -5.72 -0.33 0.36 0.37 
TRTK 100.62 -1.52 -4.11 11.12 0.33 0.33 -4.21 15.37 0.35 0.35 
UMAS 110.42 1.47 -1.77 2.05 0.22 0.22 0.25 1.83 0.23 0.21 
UMLH 95.34 5.05 -67.72 -59.02 0.22 0.22 -33.06 -23.68 0.94 0.73 
UMSS 116.11 6.04 0.89 2.24 0.22 0.22 1.32 4.46 0.45 0.37 
UPMS 101.72 2.99 -8.03 -0.98 0.25 0.25 0.60 1.40 0.19 0.17 
USMP 100.30 5.36 -13.49 -5.00 0.23 0.23 -2.61 0.94 0.19 0.17 



































Table D1: The nodes (longitude and latitude, in decimal degree) to represent the fault plane of Sundaland 
subduction trench with depth (in km). 
Fault:  SUMA         1    # of nodes: 46 (strike); 12 (dip); overriding: SSMA; submerging: AUST; 0 
Depth: 4.000 
 104.580  -8.170 
 103.760  -7.860 
 103.180  -7.620 
 102.450  -7.200 
 101.860  -6.560 
 101.350  -5.980 
 100.790  -5.300 
 100.360  -4.660 
  99.980  -4.150 
  99.670  -3.730 
  99.370  -3.310 
  98.870  -2.670 
  98.300  -2.020 
  98.040  -1.630 
  97.770  -1.250 
  97.370  -0.550 
  97.000   0.001 
  96.667   0.666 
  96.270   1.200 
  95.750   1.600 
  95.380   1.800 
  95.010   2.010 
  94.700   2.250 
  94.400   2.500 
  93.800   3.000 
  93.350   3.600 
  93.050   4.400 
  92.900   5.000 
  92.600   6.000 
  92.450   6.500 
  92.300   7.000 
  92.050   7.500 
  91.800   8.000 
  91.350   9.000 
  91.200   9.800 
  91.300  10.500 
  91.400  11.000 
  91.500  11.500 
  91.600  12.000 
  91.750  12.500 
  91.900  13.000 
  92.050  13.500 
  92.250  14.000 
  92.700  15.000 
  93.100  16.000 
  93.150  17.000 
Depth: 7.000 
  104.662  -7.840 
  103.901  -7.544 
  103.344  -7.326 
  102.673  -6.945 
  102.127  -6.327 
  101.621  -5.725 
  101.085  -5.068 
  100.646  -4.432 
  100.261  -3.933 
   99.960  -3.501 
   99.655  -3.073 
   99.160  -2.463 
   98.592  -1.813 
   98.344  -1.444 
   98.100  -1.084 
   97.727  -0.370 
   97.345   0.175 
   96.996   0.868 
   96.545   1.471 
   95.998   1.896 
   95.628   2.096 
   95.258   2.306 
   94.948   2.546 
   94.648   2.796 
   94.083   3.263 
   93.667   3.821 
   93.362   4.545 
   93.155   5.118 
   92.855   6.118 
   92.708   6.614 
   92.588   7.116 
   92.344   7.600 
   92.096   8.095 
   91.650   9.085 
   91.513   9.800 
   91.583  10.464 
   91.659  10.967 
   91.760  11.466 
   91.859  11.960 
   91.985  12.443 
   92.115  12.935 
   92.264  13.429 
   92.465  13.932 
   92.910  14.916 
   93.323  15.954 
   93.380  16.989 
Depth: 10.000 
  104.729  -7.544 
  104.023  -7.273 
  103.491  -7.062 
  102.873  -6.705 
  102.349  -6.124 
  101.841  -5.529 
  101.324  -4.896 
  100.884  -4.261 
  100.493  -3.766 
  100.193  -3.335 
   99.888  -2.905 
   99.388  -2.292 
   98.835  -1.647 
   98.595  -1.301 
   98.362  -0.960 
   97.990  -0.236 
   97.620   0.314 
   97.258   1.030 
   96.765   1.687 
   96.196   2.132 
   95.826   2.332 
   95.457   2.542 
   95.147   2.782 
   94.847   3.032 
   94.308   3.473 
   93.920   3.998 
   93.616   4.663 
   93.370   5.218 
   93.071   6.218 
   92.925   6.710 
   92.828   7.212 
   92.589   7.684 
   92.343   8.175 
   91.900   9.156 
   91.773   9.800 
   91.822  10.434 
   91.881  10.939 
   91.982  11.437 
   92.081  11.925 
   92.189  12.393 
   92.304  12.878 
   92.451  13.367 
   92.653  13.873 
   93.094  14.844 
   93.518  15.913 
   93.580  16.979 
Depth: 14.000              
  104.790  -7.259 
  104.137  -7.012 
  103.641  -6.812 
  103.070  -6.481 
  102.570  -5.917 
  102.067  -5.329 
  101.563  -4.718 
  101.122  -4.076 
  100.743  -3.585 
  100.443  -3.147 
  100.141  -2.723 
   99.645  -2.113 
   99.086  -1.472 
   98.866  -1.143 
   98.636  -0.820 
   98.258  -0.109 
   97.881   0.447 
   97.506   1.186 
   96.976   1.891 
   96.385   2.356 
   96.015   2.556 
   95.645   2.766 
   95.335   3.006 
   95.035   3.256 
   94.523   3.673 
   94.160   4.166 
   93.865   4.779 
   93.589   5.320 
   93.291   6.320 
   93.147   6.808 
   93.067   7.308 
   92.833   7.767 
   92.589   8.254 
   92.149   9.226 
   92.033   9.800 
   92.064  10.404 
   92.111  10.911 
   92.212  11.407 
   92.310  11.890 
   92.403  12.341 
   92.504  12.818 
   92.649  13.300 
   92.853  13.810 
   93.289  14.766 
   93.726  15.869 
   93.793  16.968 
Depth: 19.000 
  104.865  -6.966 
  104.262  -6.730 
  103.794  -6.548 
  103.270  -6.241 
  102.802  -5.713 
  102.293  -5.130 
  101.806  -4.540 
  101.360  -3.909 
  100.969  -3.412 
  100.667  -2.983 
  100.362  -2.556 
   99.859  -1.945 
   99.308  -1.317 
   99.102  -1.008 
   98.888  -0.694 
   98.513   0.022 
   98.134   0.576 
   97.746   1.337 
   97.180   2.088 
   96.568   2.574 
   96.198   2.774 
   95.828   2.984 
   95.518   3.224 
   95.218   3.474 
   94.731   3.867 
   94.394   4.329 
   94.109   4.892 
   93.810   5.423 
   93.512   6.423 
   93.370   6.907 
   93.306   7.403 
   93.077   7.850 
   92.834   8.333 
   92.398   9.297 
   92.292   9.800 
   92.309  10.373 
   92.345  10.881 
   92.445  11.376 
   92.544  11.854 
   92.622  12.288 
   92.711  12.755 
   92.854  13.231 
   93.061  13.744 
   93.492  14.686 
   93.941  15.824 
   94.014  16.956 
Depth: 25.000 
  104.908  -6.741 
  104.351  -6.538 
  103.908  -6.352 
  103.416  -6.067 
  102.966  -5.563 
  102.465  -4.981 
  101.999  -4.397 
  101.555  -3.761 
  101.171  -3.258 
  100.879  -2.830 
  100.573  -2.399 
  100.070  -1.788 
   99.529  -1.164 
   99.330  -0.873 
   99.121  -0.570 
   98.735   0.137 
   98.360   0.691 
   97.961   1.473 
   97.364   2.263 
   96.731   2.768 
   96.361   2.968 
   95.991   3.178 
   95.681   3.418 
   95.382   3.668 
   94.917   4.040 
   94.602   4.475 
   94.332   4.996 
   94.009   5.515 
   93.711   6.515 
   93.571   6.996 
   93.516   7.487 
   93.291   7.924 
   93.050   8.402 
   92.617   9.359 
   92.520   9.800 
   92.527  10.345 
   92.555  10.855 
   92.656  11.349 
   92.754  11.821 
   92.822  12.239 
   92.901  12.698 
   93.043  13.168 
   93.251  13.684 
   93.678  14.612 
   94.138  15.782 














  104.965  -6.516 
  104.451  -6.320 
  104.030  -6.145 
  103.576  -5.884 
  103.141  -5.403 
  102.644  -4.815 
  102.185  -4.254 
  101.745  -3.619 
  101.358  -3.118 
  101.067  -2.697 
  100.755  -2.263 
  100.255  -1.656 
   99.716  -1.033 
   99.524  -0.762 
   99.323  -0.473 
   98.945   0.244 
   98.569   0.799 
   98.159   1.600 
   97.534   2.426 
   96.882   2.948 
   96.512   3.148 
   96.142   3.358 
   95.833   3.598 
   95.533   3.848 
   95.090   4.200 
   94.795   4.609 
   94.532   5.089 
   94.201   5.604 
   93.903   6.604 
   93.765   7.081 
   93.700   7.561 
   93.479   7.988 
   93.239   8.463 
   92.809   9.413 
   92.720   9.800 
   92.720  10.321 
   92.742  10.831 
   92.843  11.324 
   92.941  11.792 
   92.999  12.196 
   93.072  12.646 
   93.212  13.111 
   93.421  13.630 
   93.844  14.546 
   94.314  15.744 
   94.398  16.932 
Depth: 40.000 
  105.015  -6.299 
  104.540  -6.116 
  104.137  -5.956 
  103.723  -5.710 
  103.312  -5.253 
  102.816  -4.669 
  102.363  -4.125 
  101.926  -3.485 
  101.543  -2.990 
  101.238  -2.562 
  100.933  -2.142 
  100.427  -1.524 
   99.893  -0.908 
   99.718  -0.646 
   99.523  -0.370 
   99.147   0.345 
   98.766   0.900 
   98.346   1.719 
   97.694   2.578 
   97.025   3.118 
   96.655   3.318 
   96.285   3.528 
   95.975   3.768 
   95.676   4.018 
   95.252   4.351 
   94.977   4.736 
   94.728   5.180 
   94.384   5.689 
   94.087   6.689 
   93.950   7.163 
   93.876   7.632 
   93.659   8.049 
   93.421   8.521 
   92.992   9.465 
   92.911   9.800 
   92.906  10.298 
   92.926  10.808 
   93.027  11.300 
   93.124  11.764 
   93.175  12.153 
   93.243  12.595 
   93.381  13.054 
   93.592  13.577 
   94.011  14.480 
   94.491  15.706 
   94.580  16.920 
 
Depth: 51.000 
  105.068  -6.052 
  104.644  -5.895 
  104.262  -5.749 
  103.876  -5.535 
  103.487  -5.092 
  102.986  -4.515 
  102.559  -3.979 
  102.121  -3.343 
  101.742  -2.844 
  101.445  -2.412 
  101.141  -1.988 
  100.634  -1.374 
  100.105  -0.766 
   99.934  -0.521 
   99.754  -0.261 
   99.373   0.459 
   98.995   1.018 
   98.563   1.858 
   97.881   2.756 
   97.190   3.315 
   96.821   3.515 
   96.451   3.725 
   96.141   3.965 
   95.842   4.215 
   95.441   4.527 
   95.189   4.884 
   94.951   5.283 
   94.594   5.787 
   94.297   6.787 
   94.163   7.257 
   94.085   7.715 
   93.872   8.122 
   93.635   8.590 
   93.210   9.526 
   93.138   9.800 
   93.123  10.270 
   93.135  10.782 
   93.237  11.273 
   93.334  11.731 
   93.377  12.104 
   93.437  12.536 
   93.574  12.988 
   93.786  13.515 
   94.201  14.405 
   94.692  15.662 
   94.787  16.907 
 
Depth: 63.000 
  105.108  -5.870 
  104.719  -5.717 
  104.362  -5.574 
  104.008  -5.374 
  103.637  -4.957 
  103.143  -4.375 
  102.731  -3.858 
  102.293  -3.219 
  101.911  -2.719 
  101.612  -2.290 
  101.308  -1.860 
  100.805  -1.246 
  100.279  -0.643 
  100.124  -0.416 
   99.954  -0.154 
   99.584   0.564 
   99.210   1.130 
   98.766   1.990 
   98.058   2.922 
   97.347   3.501 
   96.977   3.701 
   96.607   3.911 
   96.297   4.151 
   95.998   4.401 
   95.619   4.692 
   95.388   5.023 
   95.161   5.381 
   94.794   5.879 
   94.497   6.879 
   94.364   7.346 
   94.284   7.795 
   94.076   8.191 
   93.840   8.656 
   93.417   9.585 
   93.354   9.800 
   93.330  10.244 
   93.336  10.757 
   93.438  11.247 
   93.534  11.700 
   93.570  12.057 
   93.623  12.480 
   93.758  12.926 
   93.973  13.456 
   94.383  14.333 
   94.886  15.620 
   94.986  16.893 
 
Depth: 76.000 
  105.161  -5.663 
  104.808  -5.517 
  104.469  -5.385 
  104.162  -5.192 
  103.808  -4.796 
  103.319  -4.217 
  102.913  -3.719 
  102.478  -3.071 
  102.105  -2.576 
  101.804  -2.145 
  101.501  -1.713 
  100.987  -1.099 
  100.477  -0.509 
  100.331  -0.296 
  100.168  -0.051 
   99.790   0.669 
   99.405   1.231 
   98.951   2.109 
   98.218   3.073 
   97.488   3.669 
   97.118   3.869 
   96.749   4.079 
   96.439   4.319 
   96.140   4.569 
   95.780   4.842 
   95.569   5.149 
   95.353   5.470 
   94.977   5.964 
   94.681   6.964 
   94.550   7.428 
   94.467   7.868 
   94.262   8.255 
   94.028   8.716 
   93.608   9.639 
   93.552   9.800 
   93.521  10.220 
   93.521  10.733 
   93.623  11.222 
   93.719  11.672 
   93.748  12.013 
   93.796  12.427 
   93.930  12.867 
   94.146  13.402 
   94.552  14.266 
   95.065  15.581 
   95.170  16.879 
 
Depth: 90.000 
  105.211  -5.435 
  104.901  -5.317 
  104.583  -5.189 
  104.305  -5.028 
  103.973  -4.653 
  103.482  -4.074 
  103.091  -3.583 
  102.645  -2.952 
  102.265  -2.457 
  101.959  -2.031 
  101.654  -1.603 
  101.137  -0.999 
  100.627  -0.409 
  100.486  -0.208 
  100.332   0.037 
   99.950   0.749 
   99.577   1.320 
   99.114   2.214 
   98.359   3.206 
   97.613   3.818 
   97.243   4.018 
   96.874   4.228 
   96.564   4.468 
   96.265   4.718 
   95.922   4.974 
   95.729   5.261 
   95.523   5.549 
   95.140   6.040 
   94.844   7.040 
   94.714   7.501 
   94.630   7.933 
   94.428   8.311 
   94.195   8.770 
   93.777   9.687 
   93.729   9.800 
   93.691  10.199 
   93.687  10.712 
   93.789  11.201 
   93.885  11.646 
   93.908  11.974 
   93.951  12.381 
   94.083  12.815 
   94.300  13.353 
   94.703  14.206 
   95.225  15.546 
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Abstract: Great earthquakes (≥M8.0) often cause
widespread postseismic decay in areas well beyond any
recognised plate boundaries. The Mw8.6 and 8.2 northern
Sumatra doublet earthquakes occurred on 11 April 2012,
near the intersection of the Indian, Australian and Sunda-
land plate, have caused an extensive coseismic offset and
postseismic decay over the region. In this study, the long-
term GPS time-series (1999–2014) suggests that the post-
seismic decay associated with the doublet earthquakes
have had a significant effect on the eastern boundary of
the Sundaland plate up to the western region of Peninsu-
lar Malaysia. Before the 2004 Mw9.1 Aceh and 2005 Mw8.6
Nias earthquakes, the average velocity of continuous GPS
sites in Peninsular Malaysia is moving southeastward at
37 ± 3.1 mm/yr relative to the fixed Australian plate. The
postseismic decay of these two great earthquakes has
caused Peninsular Malaysia to experience elastic relax-
ation rebound into the south-southeast direction with
a lower average velocity of 10 ± 5.5 mm/yr. After 2012
northern Sumatra earthquakes, Peninsular Malaysia re-
turns to its original course of motion before the 2004 and
2005 earthquakes, with slightly lower average velocity
at 25 ± 2.4 mm/yr. In this paper, the impact of coseismic
and postseismic deformation of the 2012 Mw8.6 and 8.2
northern Sumatra earthquakes towards Sundaland plate
vectors are discussed. A new rotation vector for the Sun-
daland plate is defined in ITRF2008 by using 10 selected
cGPS sites that are assumed to be in the stable block, based
on the 1999–2004 time-series data.
Keywords: Sundaland plate, velocity field, geodesy
1 Introduction
The Sundaland plate is the continental core of Southeast
Asia (SEA), which is in a tectonically complex region. In
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the north, the Sundaland plate is a coherent block that
moves with respect to the Eurasian continental plate and
is partitioned from the Siberian platform. In the south,
Sundaland is in direct contact with the Indian-Australian
oceanic plate and several microblocks (Burma, Timor,
Banda Sea, Molucca Sea, Bird heads, Philippine Sea, and
Yangtze plate) (Figure 1), that form a sparse seismicity
zone along the edge of the plate.
The conjunction between the Sundaland plate and
Indian-Australian plate is a well-known megathrust that
occasionally generates great earthquakes. The Indian-
Australian oceanic plate is subducting beneath the Sun-
daland continental plate at a relative vector of 47 mm/yr
N0° at the triple junction point of the Indian, Australian
and Sundaland plates (90°E, 9°N). The relative vector in-
creases towards the south from 55mm/yrN10° at the equa-
tor near Nias Island to 63 mm/yr N14° south of the Sunda
Strait [19, 20].
On 11 April 2012, two of the largest (Mw8.6 and 8.2)
strike-slip and intraplate earthquakes ever recorded by
modern seismological instruments struck at the south-
west of the Sunda megathrust within a period of a few
hours. These strike-slip earthquakes are situated at the
intra-oceanic plate region between the India plate and
Australia plate that possibly involved a substantial litho-
spheric deformation that may eventually lead to the for-
mation of a localised plate boundary [8]. The left-lateral
strike-slip earthquakes have induced a significant coseis-
mic offset over the Sundaland plate over a region 2500 km
from the rupture zone. Furthermore, the event has cre-
ated a widespread postseismic deformation signal at the
westernmargin of the Sundalandplate. Global Positioning
System (GPS) measurements indicate that northern Suma-
tra and northwest Peninsula Malaysia are experiencing a
larger postseismic decay amplitude compared to the cen-
tral and southern regions.
We describe the continuous GPS (cGPS) network and
data availability and discuss the GPS processing strategies
and deformation analysis used in this study. The paper fo-
cuses on the discrepancy between the derived vectors and
the predictions of a global plate motion model, the Mid-
Ocean Ridge Velocity (MORVEL), within Sundaland plate.
Lastly, a new rotation vector for the Sundaland plate is
defined with respect to the International Terrestrial Refer-
ence Frame (ITRF) 2008, based on 10 selected cGPS sites
that are in the stable block. The coseismic and postseismic
deformation of great earthquakes (M8 or greater) between
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Figure 1: The plate boundaries of Sundaland plate with its surrounding plates as defined by Bird [3]. The approximate (NNR-MORVEL) plate
motions are marked as black arrows [2]. The blue star indicates the 2012 Mw8.6 earthquake epicentre and the green star indicates the
Mw8.2 earthquake epicentre. The blue shaded area shows the rupture region of the 2012 doublet earthquakes. Two-letter plate identifiers
are: Birds Head (BH), Banda Sea (BS), Burma (BU), Mariana (MA), Manus (MN), Maoke (MO), Molucca Sea (MS), North Bismarck (NB), Timor
(TI), South Bismarck (SB), Solomon Sea (SS), Woodlark (WL) and Yangtze (YA).
the year 1999–2014 aremodelled and a new rotation vector
of the Sundaland plate is defined.
2 cGPS network
To study the plate vector of Sundaland, a large and dense
cGPS network that spans over the SEA region is required
because of the complexity of plate interior deformation.
However, the global velocity models as described in Al-
tamimi et al. [1] and Kreemer et al. [13] do not have suf-
ficient spatiotemporal resolution to model the Sundaland
plate vector. In this study, several national and regional
GPSnetworks in the SEA region aremerged to forma larger
network of up to 143 GPS permanent sites: 96 Malaysian
Real-Time Kinematic Network (MyRTKnet) and Malaysian
Active GPS System (MASS) sites in Malaysia; 46 Suma-
tran GPS Array (SuGAr) sites in Indonesia; and one Philip-
pine Active Geodetic Network (pageNET) in the Philip-
pines (Figure 2). The data availability of GPS data per year
is shown in Table 1.
The Indonesian sites, which are mainly located on the
edge of the Sundaland plate, have been widely studied by
many researchers [4, 11] but not the decade-long cGPSdata
from the MyRTKnet. Most of the Indonesian sites may be
subject to site-dependent biases (i.e. plate convergence)
[14] and local deformation (i.e. land subsidence, volcan-
ism activities) [11, 14] while the Malaysian sites, which
are mainly located in the stable core of Sundaland plate
are thus better able to define the Euler pole of Sundaland
plate.
A global-and-regional distributed network consisting
of 44 IGS sites was selected to represent the reference
frame in ITRF2008 (Figure 3). These selected IGS sites
are mostly located in stable zones (with linear GPS time-
series) as defined in Altamimi et al. [1]. However, some of
the IGS sites are located close to plate boundaries orwithin
deformation zones (i.e. COCO, DGAR and GUAM) that are
included to improve the network distribution. Three re-
gional IGS sites (NTUS, PIMOandCUSV) locatedwithin the
Sundaland plate were excluded from the frame definition.
3 Data analysis
The observations of the IGS and regional cGPS sites
were uniformly processed using the Bernese software Ver-
sion 5.2 [6], a scientific multi-Global Navigation Satel-
lite System (GNSS) data processing software. The double-
differencing (DD) processing technique is applied in final
coordinate estimation where differences of phase observ-
ables between two satellites and two stations are involved.
This technique requires the generation of inter-site base-
lines, which were predefined in six clusters, by consid-
ering the baseline length and data availability (in space
and time). The inhomogeneous data sources are unified in
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Figure 2: The cGPS sites distribution in Southeast Asia used in this study. The solid black triangles represent all the available cGPS sites
from Indonesia – SuGAR network (consisting of A1: Andaman Island; A2: Sumatra, Nias and Mentawai Island; A3: Java Island); (B) Malaysia
(Peninsular Malaysia, Sabah and Sarawak) – MyRTKnet and MASS network; and other ASEAN sites (C1: Thailand and C2: The Philippines).
The red triangles denote cGPS sites that used in the determination of new Sundaland Euler pole and absolute rotation vector. The solid red
squares represent the location of cGPS sites as describe in Figures 4 and 5.




1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
MyRTKnet 78 – – – – – 27 27 27 71 78 79 78 78 78 78 78
MASS* 18 15 15 17 17 18 18 – – – – – – – –
SuGAr 46 2 2 2 8 8 16 27 31 31 36 32 41 39 40 41 40
pageNET 1 – – – – – – – – – – – 1 1 1 1 1
SUB-TOTAL 143 17 17 19 25 26 61 54 58 102 114 111 120 118 119 120 119
Regional IGS
PIMO 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
NTUS 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
CUSV 1 – – – – – – – – – 1 1 1 1 1 1 1
SUB-TOTAL 146 19 19 21 27 28 63 56 60 104 117 114 123 121 122 123 122
IGS 41 34 34 36 39 40 40 41 41 41 41 41 41 41 40 38 37
TOTAL 187 53 53 57 66 68 103 97 101 145 158 155 164 162 162 161 159
*Note:MASS network marked with an asterisk indicate that all the GPS sites were either upgraded after 2007 to become the MyRTKnet sites
or no longer in operation.
data processing, for instance, most cGPS network (global
and regional) is in 30-second data interval except for the
SuGAr network that is logged at 120-second data interval.
The high level of water vapour in low-latitude regions is
another critical challenge in GPS data processing [15]. The
globalmapping function (GMF)was introducedas anapri-
ori troposphericmodel in dry andwet components [5], and
the zenith path delay (ZPD) is estimated in every two-hour
interval at each site. The complete GPS data processing
strategy is described in Table 2.
In this study, the GPS velocity field is derived with re-
spect to the ITRF2008 from position time-series of up to
16 years. Each site velocity is extracted by linear regres-
sion of time-series from sites which signify steady-state
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Table 2: Parameters setting and models for data processing.
Processing parameters Processing strategies
Input data Daily
Processing software Bernese Version 5.2
Processing technique Double-Differencing
Network design OBS-MAX
Elevation cut off angle 10°
Sampling rate 30–120 sec
Orbit / EOP 3-day long-arc solution CO2 repro2 products (CODE) (1999.0–2013.9);
CODE final orbit (2014.0–2014.9)
Station coordinates Constrained to the ITRF2008
Absolute antenna phase centre corrections PHASE COD.I08, SATELLIT.I08
Ocean loading model FES2004 [17]
Planetary ephemeris DE405
Ionosphere Double difference Ionosphere-free (IF) linear combination L3
Ambiguities solution Fixed, resolved using QIF strategy
A-priori model wet_GMF model (hydrostatic part) with dry_GMF mapping function
Mapping function wet_GMF mapping function (2-hour interval)
Figure 3: Distribution of IGS sites used in this study.
motion. The root-mean-square (RMS) scatter of the daily
solutionswith respect to a linearmotion of the stations are
±1–3mm,±1–4mm, and±5–9mm for the northing, easting
and up components, respectively (e.g. Figure 4). There are
also some cGPS sites in the active deformation zone, par-
ticularly those located at the edge of plate boundary or ac-
tive seismicity regions like the Mentawai Islands, Sumatra
and Andaman Islands (Figure 2: A1 and A2), having irreg-
ular time-series which are excluded from the GPS velocity
field derivation (Figure 5).
The procedure we use to model the GPS velocity field
allows us to correct for the coseismic offset(s) and the
postseismic decay amplitude caused by a series of great
earthquakes since 1999. These include the 2004 Mw9.1
Aceh, 2005 Mw8.6 Nias, 2007 Mw8.5 Bengkulu, and the
most recent 2012 Mw8.6 and 8.2 northern Sumatra earth-
quakes. Additionally, there are eight Mw7.0–7.9 and fifteen
Mw6.0–6.9 earthquake events with small-to-moderate but
measurable displacements which were modelled at a few
sites. The long position time-series are providing impor-
tant information in estimating the postseismic decay am-
plitude and duration of earthquakes events, but even so,
there are only a few time series that include the entire
earthquake sequence (Table 1). Some of the time-series
are too short to indicate the linear velocity or the tran-
sient velocity caused by the postseismic relaxation. This
study found that the logarithmic decay function fitted bet-
ter than the exponential and power law function in the se-
ries of postseismic relaxations, which is consistent with
Feng [9].
4 GPS data analysis
In this study, the GPS velocities derived in ITRF2008 sug-
gest that the 2004 Mw9.1 Aceh and 2005 Mw8.6 Nias earth-
quakes have changed the course of motion of northwest
Peninsular Malaysia, from the southeast to the south-
southeast direction. Before the Aceh earthquake, the
Peninsular Malaysia moved at a rate of 27–34 mm/yr
in 99°–115° azimuth, thereafter, the velocity changed to
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Figure 4: The figure on the left is the de-trended time-series of station USMP and on the right is the horizontal plot of site positions. This
Malaysian cGPS site was initially a MASS station installed in 1999 at Universiti Sains Malaysia, Penang, and later upgraded to become
MyRTKnet site in the end of 2006. The green dash line represents the logarithm decay function, while the cyan dash line indicates a co-
seismic offset. The site location of USMP is shown in Figure 2.
Figure 5: The figure on the left is the de-trended time-series of station BSAT and on the right is the horizontal plot of site positions. This
SuGAr site was installed since 2002 at Bulasat, South Pagai Island (site location is shown in Figure 2). The green dash line represents the
logarithm decay function, while the the cyan dash line indicates a coseismic offset. This site shows high irregular dislocation caused by
several great earthquakes during 2004, 2005, 2007 and 2010.
13–32 mm/yr in 102°–147° azimuth. The transient site mo-
tion continues until the 2012 Mw8.6 and 8.2 northern
Sumatra earthquakes, after which the direction of the
velocity vector returns to the orientation prior to 2004
Aceh earthquake at 100°–108°, with a lower displacement
rate of 3–12 mm/yr (Table 3). The orientation of the tran-
sient velocity event reduces with distance from north-
ern to southern, and from western to eastern Peninsular
Malaysia.
The existence of significant transient velocities weak-
ens the reliability of existing plate motion models which
use Sundaland velocity estimations. To illustrate the mis-
fit in velocity field estimation, a test was performed to
compare the estimated vectors in this study with 4 ex-
isting global models1: (1) MORVEL [2, 7], (2) CGPS [16],
(3) REVEL [18] and (4) GSRM Version 1.2 [12]. All the esti-
mated vectors are assumed to be in the Sundaland plate
whereby the neighbouring microplates, such as the BU
plate, are comprised to be part of Sundaland plate in these
global models. The site vectors were estimated for four
different periods: (1) 1999.0–2014.9 (based on long time-
series in ITFR2008); (2) 1999.0–2004.9 (before 2004 Mw9.1
earthquake); (3) 2005.2–2012.2 (after 2005 Mw8.6 and be-
fore 2012 Mw8.6 earthquake); and (4) 2012.2–2014.9 (after
1 These global models defined the Sundaland plate as a coherent
block from Eurasia instead of as a part of Eurasia.
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Table 3: Comparison of the velocity vector for sites located in Malaysia before 2004/05, 2005 to 2012 and after 2012 earthquakes. The order
of sites in Peninsular Malaysia is sorted in high to low latitude. The sites in Sabah and Sarawak ordered in eastwards direction



























ARAU 100.280 6.450 28 96 13 147 21 108
GETI 102.106 6.226 32 98 25 123 24 103
USMP 100.304 5.358 34 97 16 136 22 105
KUAL 103.139 5.319 32 100 32 102 25 105
IPOH* 101.126 4.589 33 94 17 127 25 103101.018 4.481
KUAN* 103.350 3.834 31 97 20 111 29 100103.240 4.123
BEHR 101.517 3.765 31 97 18 119 26 103
KTPK* 101.718 3.171 31 97 19 114 27 103101.724 2.993










KUCH* 110.195 1.632 29 109 26 110 28 109110.425 1.468
SIBU* 111.843 2.270 24 118 27 112 29 112111.673 2.072
BINT* 113.067 3.262 29 113 27 112 27 112113.094 3.240
MIRI 114.002 4.372 28 109 25 111 26 111
LABU* 115.245 5.283 27 115 24 107 24 107115.245 5.283
KINA* 116.039 5.905 27 114 28 115 25 108116.112 6.039
TAWA* 117.882 4.263 26 121 26 124 25 123117.882 4.263
SAND 118.121 5.842 30 117 28 120 28 117
*Note:Sites thatwere relocated or upgradedor vector replacedby another nearest site (within a 35 km range after 2005 onwards) as following:
BINT replaced by BIN1; IPOH replaced by PUSI; KINA replaced by UMSS; KTPK replaced by UPMS; KUAN replaced by CENE; KUCH replaced by
UMAS; LABU replaced by LAB1; SIBU replaced by SIB1; TAWA replaced by MTAW; UTMJ replaced by JHJY.
2012 Mw8.6 earthquake). The residual velocity fields for
all the compared global models are generally similar and
one of the residual plot between ITRF2008 (this study) and
MORVEL, is shown in Figure 6.
The agreement of MORVEL with the ITRF2008 veloci-
ties (1999.0–2014.9) are good in Sarawak, Borneo with an
averagemisfit of 4.2 mm/yr (Figure 6a). However, there are
notable misfits and systematic velocity residual patterns
in theMentawai, Sumatra, Sabah (Borneo) and Peninsular
Malaysia regions. This is not unexpected for sites that are
located close to plate boundaries (i.e.Mentawai, Andaman
and Sumatra) due to diffuse deformation boundary and
localised instability (i.e. Sabah). In previous studies, the
Peninsular Malaysia has been treated as the undeformed
core of the Sundaland plate [1, 11, 16], however in Fig-
ure 6 it shows a significant model misfit. The largest mis-
fit is in the northwest region of Peninsular Malaysia: from
an average misfit of 4.0 mm/yr before 2004 (Figure 6b)
to 14.0 mm/yr in 2005–2012 (Figure 6c), and 5.7 mm/yr
after 2012 (Figure 6d). Station BKPL in northwest Penin-
sular Malaysia has experienced one of the largest misfits
up to 35.1 mm/yr in 2005–2012. The region characterised
by these misfits span the northwest and central-west of
PeninsularMalaysia, indicating that the sites in this region
also are subjected to intraplate deformation and no longer
applicable for the derivation of a plate rotation vector.
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Figure 6: The residual plot of the estimated velocity field with the MORVEL Sundaland plate-fixed in four different periods:
(a) 1999.0–2014.9; (b) 1999.0–2004.9; (c) 2005.2–2012.2; and (d) 2012.2–2014.9. The inset shows the frequency of the velocity residuals
over five different ranges.
Because of the misfit with the global plate model
it becomes necessary to estimate a new rotation vec-
tor for the Sundaland plate to better understand the in-
terplate and intraplate deformation. In this study, we
use the MATLAB-based Euler Pole Calculator (EPC) de-
veloped by Goudarzi et al. [10] to estimate the Euler
Pole parameters. The sites having the following crite-
ria were excluded from the definition of rotation vec-
tors of Sundaland plate: (1) sites located close to plate
boundary: Andaman, Mentawai and west coast of Suma-
tra, (2) sites with global plate model misfit exceed-
ing 10 mm/yr, and (3) sites with postseismic deforma-
tion (after 2004 Aceh earthquake): northwest Peninsular
Malaysia.
The site selection criteria have filtered out all but 10
out of 143 cGPS sites are selected for definition of the rota-
tion vectors of Sundaland plate. The positions, estimated
horizontal velocity component and the residual velocities
of Sundalandfixed for selected 10 sites are listed inTable 4.
The coseismic and postseismic deformation from 28 sig-
nificant earthquakes within the past 16 years (1999–2014)
have been carefully modelled. The newly defined Euler
pole and absolute rotation vector of Sundaland, in com-
parison to the global models, are shown in Table 5.
The impact of great earthquakes in the past decades
have changed the preconception of the Peninsular
Malaysia as a stable core of the Sundaland plate. GPS
measurements have shown that the postseismic decay
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Table 4: Station coordinates of the involved sites, observed ITRF2008 velocities, 1σ uncertainties and Sunda-fixed residuals.
Site Position ITRF2008, mm/yr Residual, mm/yr
Longitude (°E) Latitude (°N) VE VN σVE σVN VE VN
BAKO 106.849 −6.491 −6.27 23.28 0.08 0.11 −6.55 3.1
BINT 113.067 3.262 −11.33 27.05 0.05 0.04 1.45 0.83
GETI 102.105 6.226 −4.29 31.45 0.08 0.09 7.45 2.88
KUAL 103.139 5.319 −5.56 31.38 0.03 0.04 6.91 2.09
KUAN 103.350 3.834 −3.77 31.16 0.03 0.04 5.94 3.98
KUCH 110.195 1.632 −9.43 27.64 0.06 0.07 1.32 1.45
MIRI 114.002 4.372 −9.25 26.29 0.03 0.03 1.19 3.31
NTUS 103.680 1.346 −5.78 30.06 0.03 0.04 3.63 2.12
SIBU 111.843 2.270 −11.35 21.43 0.08 0.10 −4.61 0.27
UTMJ 103.640 1.566 −5.32 30.97 0.10 0.10 4.65 2.56





Pole rotation parameter Pole error ellipse χ2
Lat, °N Lon, °E ω°/Myr σmaj/lat° σmin/lon° Azimuth°
REVEL Sella et al. [18] 2 38.86 −86.94 0.393 ± 0.062 10.2 0.8 110 0.24
GSRM1.2-NNR Kreemer et al. [12] 9 47.30 −90.20 0.392 ± 0.008 1.9 0.5 109 3.11
CGPS Prawirodirdjo & Bock [16] 2 32.56 −86.80 0.462 ± 0.064 7.0 0.8 113 4.00
ITRF2000 Simons et al. [19] 28 49.00 −94.20 0.336 ± 0.007 1.9 0.3 111 1.03
ITRF2000 DeMets et al. [7] 18 48.50 −93.90 0.326 – – – –
NNR-MORVEL Argus et al. [2] 2 50.06 −95.02 0.337 ± 0.020 – – – –
ITRF2008 Altamimi et al. [1] 2 44.25 −87.30 0.388 ± 0.308 – – – –
GSRM2.1-NNR Kreemer et al. [13] 11* 51.11 −91.75 0.350 – – – –
ITRF2008 This study 10 44.16 −87.22 0.349 ± 0.038 6.0 3.3 90 0.07
*Note: The sites velocity used in the Kreemer et al. [13] were acquired from the literature (i.e. Socquet et al. [20]; Simons et al. [19]; Yu et al.
[22]).
is present during 2004, 2005, 2007, 2010 and 2012 earth-
quakes, from the west margin of Sundaland up to north-
west Peninsular Malaysia, have contaminated the velocity
vectors estimated from cGPS sites. Our study shows that
there are three key factors that affect the determination
of the Sundaland Euler Pole: (1) the number and location
of the sites used to define the rotation vector, (2) differ-
ent definition of “un-deformed” region within Sundaland
plate, and (3) the inclusion of coseismic and postseis-
mic deformation of 2012 Mw8.6 and 8.2 northern Sumatra
earthquakes in vector estimation.
5 Concluding Remarks
The new velocity field and the rotation vector of the Sun-
daland plate presented in this paper are based on 143 re-
gional and 44 IGS network stations. The GPS sites used
in this study are solely permanent sites and have a bet-
ter spatiotemporal coverage than those used in the pre-
vious global velocity models of the Sundaland plate. The
quantity of GPS sites subset in Malaysia region enabled
us to identify the inconsistency of plate vector on a larger
scale. The northwest region of Peninsular Malaysia which
is normally treated as the undeformed core of Sundaland
plate undergoes significant postseismic deformation with
a model misfit up to an average of 14.0 mm/yr during the
interseismic period in 2005–2012. The new results show
that the northwest–central-west of Peninsular Malaysia is
experiencing higher rotation rate than the south–central-
east region. However, the postseismic deformationmay be
transient and may not result in permanent deformation or
seismic activity.
The series of great earthquakes at the boundary of
Indian-Australian and Sundaland plates since 2004 have
significantly affected the Sundaland plate velocity field.
This studyhas shown that the extent of the postseismic de-
formation zone has been underestimated in previous stud-
ies. The presence of 2004, 2005, 2007, 2010 and 2012 post-
seismic events was only successfully detected and mod-
elledwith the long-time series and densification of the net-
work. A further investigation of relative rotation vectors
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between the Sundaland plate with neighbouring plates
(i.e. Eurasia, Burma, Australian and Indian plate) is essen-
tial to understand the relative plate motion.
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ABSTRACT
Kelantan is one of the highest groundwater-consumption states in 
Malaysia. The groundwater extraction provides an alternative solution 
for accessing a fresh water supply. However, over-exploitation of 
groundwater can lead to harmful geomorphological effects. We 
investigate the deformation rate due to land subsidence in Kelantan, 
Malaysia, using 17 years of GPS time-series (1999.0 – 2016.0) 
recorded at 11 GPS sites. Our results agree with a previous study, 
suggesting that northern Kelantan is subsiding at a maximum rate of 
4.22 ± 0.17 mm/yr (1σ confidence level). The region also shows higher 
ground deformation rates than the other parts of Peninsular Malaysia 
(0.22 ppm/yr). In addition to the observed vertical subsidence, there is 
a corresponding horizontal deformation signal that manifests as strain 
accumulation. The dilatation strain rate shows a clear contractional 
pattern along the SW-NE trend of the Kelantan River, which is 
associated with the extensional signal in the surrounding regions.
Introduction
Underground fluid plays a significant role in maintaining the ground equilibrium of an 
aquifer system. The steady state can be disrupted when large-scale fluid withdrawal occurs, 
for instance, from natural gas, fossil fuel or groundwater. Fluid withdrawal reduces pore 
pressure and causes compaction that manifests as subsidence of the land surface (Erban 
et al. 2014). Many places in the world, such as Bangkok (Thailand), Java (Indonesia) and 
Venice (Italy), suffer from groundwater exploitation-induced land subsidence. These cities 
are subsiding at a rate up to 120 mm/yr (Phien-wej et al. 2006), 80 mm/yr (Lubis et al. 2011) 
and 14 mm/yr (Tosi et al. 2002), respectively.
The state of Kelantan is known to have one of the highest rates of groundwater consump-
tion in Malaysia. The local residents use approximately 38% of the total annual national 
groundwater usage (Suratman 2012, Karim et al. 2014). Records show that the groundwater 
demand in Kelantan has risen steadily from 57 Ml/d (million litres per day) in 1990 up to 146 
Ml/d in 2010 (Suratman 2012) (Figure 1). The rising demand associated with population 
growth, industrial development and access to low-cost and clean water resources has seen 
an increase in groundwater harvesting. At present, there are 82 groundwater production 
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wells in northern Kelantan, and most of these wells withdraw water from the shallow aquifer 
system, except in Tanjung Mas and Pintu Geng (NAHRIM 2014). Saimy and Raji (2015) noted 
that there might be a discrepancy between the official groundwater usage record and the 
actual usage as there is no centralised authority to track the total usage. They also empha-
sised that a lack of written legislation and policy for groundwater management in Malaysia 
could lead to illegal groundwater harvesting and hence over-exploitation.
Flooding is a natural ramification of groundwater over-exploitation. Groundwater 
exploitation-induced land subsidence lowers the height of the ground surface, which in 
turn may increase the vulnerability to water inundation of the lower ground. The Phien-wej 
et al. (2006) study in Bangkok noted that a loss of ground surface volume of approximately 
0.1 m3 resulted from every 1000 litres of groundwater pumped out. In Bangkok, deep-well 
pumping has caused significant land subsidence over the past 35 years, and now flooding 
threatens the city annually. Additionally, the cause of flooding is highly correlated with 
climate change, streamflow, sea level rise, deforestation, high precipitation and land use 
changes (Mirza 2002, Adnan and Atkinson 2011, Karegar et al. 2015). Similar to the case in 
Bangkok, flooding has threatened Kelantan almost every year (Ahmad and Abdurahman 
2015), and the high level of groundwater extraction-induced land subsidence is likely to be 
one of the contributing factors.
In this paper, we investigate groundwater extraction-induced land subsidence in Kelantan 
by computing strain rates based on geodetic measurements. For the first time, we used an 
extensive GPS network in Kelantan with long and continuous measurements of up to 17 
years to estimate the strain rate induced by vertical land subsidence. Although the direct 
effect of vertical (downward) land motion is subsidence, there is also an associated hori-
zontal motion that is oriented towards the centre of subsidence (Poland and Davis 1969). 
The dilatation strain rate indicates the inward motion at the subsidence centre as contrac-
tional and extensional at the outer region, in which the horizontal strain rate pattern coin-
cides with the GPS vertical subsidence rate. The dilatation strain rate also shows that both 
Figure 1. the groundwater production in Kelantan from 1990 to 2010 (Suratman 2012).
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contraction and extension are ongoing processes on the ground surface of Kelantan. A 
previous study by Ahmad and Abdurahman (2015) suggests that the cause behind the 
flooding in Kelantan is mainly the changing climatic patterns and a lack of sustainable land 
management. However, this study suggests that groundwater extraction-induced land 
subsidence is occurring in the area and may contribute to the rate and scale of flooding in 
Kelantan.
Study area
Kelantan, an east-coast state of Peninsular Malaysia, is located in the northernmost region 
south of the Thailand border (Figure 2). The Kelantan River (Malay: Sungai Kelantan or 
Kelantanese: Sunga Kelate) is the major river in the state of Kelantan at approximately 248 km 
in length and flows north-eastwards into the South China Sea. The river is downstream of 
two main tributary rivers, (1) Galas River (tributary river: Nenggiri and Pergau River) and (2) 
Lebir River (tributary river: Relai and Badong River), which originate in the Titiwangsa and 
Tahan mountain ranges.
The Kelantan River and the surrounding region have many groundwater production wells 
that mainly withdraw from the shallow aquifer system, as well as two deep aquifer systems 
(Pintu Geng and Tanjung Mas). Figure 2 illustrates the approximate location of these wells 
as catalogued in Tan and Singh (1989) and KeTTHA (2010). However, the documented wells 
only cover the northern region of Kelantan State, and the complete record remains 
fragmentary.
Figure 2. Map of Kelantan with the estimated GpS velocity fields. the red triangles indicate the location of 
the chosen MyrtKnet stations. the green (deep aquifer) and black (shallow aquifer) squares represent the 
location of wellfields. the black line represents the international border between thailand and Malaysia. 
Blue lines illustrate the major rivers. the green polygon indicates the boundary of the state of Kelantan.
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The hydrogeology setting of the northern Kelantan mainly consists of unconsolidated 
sediment with high water storage capacity (Saghravani et al. 2015). The aquifer thickness 
ranges from 40 to 100 m with a maximum thickness along the coastal region that gradually 
decreases toward the hinterland area. The aquifer recharge rate is relatively higher in the 
coastal region, in contrast to the inland region, which is due to the presence of sandy soil 
that has greater sediment permeability.
With one of the highest annual rainfall states in Peninsular Malaysia, Kelantan receives 
a high mean annual rainfall of 2505 mm. The peak rainfall during the northeast tropical 
monsoon season from November to January could accumulate a monthly rainfall of more 
than 1300 mm (MMD 2017). High precipitation increases the rate of recharge into the 
aquifer; however, it also increases the chance of river inundation in low-lying land, due to 
flooding, which has become a natural phenomenon in Kelantan. Pradhan (2009; Figure 5) 
includes the flood susceptibility factors such as land cover information and settlement 
data in Kelantan flood risk zonation . He suggested that the Kelantan river more often 
overspills on the south and southwest of the Kelantan river basin (or the segment in 
between AYER and PASP in Figure 2) during the northeast monsoon, in which the flat and 
moderate slope may contribute to the major run-off zone. The catalogued incidents are 
limited to the major flooding events that have involved severe damage and large-scale 
evacuation (Table 1).
Table 1. Historical major flood events in the state of Kelantan.
Flood event Affected regions Damage References
1886 Kelantan and Besut rivers (storm 
forest flood)
Several hundred square 
kilometres of forest 
destroyed
chan (2012)
28.12.1927 Kuala Krai: ~15.24–21.34 m entirely washed away five 
villages of temporary 
houses
Winstedt (1927)
06.01.1967 Kelantan river Basin affected nearly 70% of the 
villages in Kelantan
chan (2012), Baharuddin  
et al. (2015)
1981 Kelantan State 2740 victims affected chan (2012)
1984 Kelantan State thousands of victims affected chan (2012)
01.12.1988 Kelantan: levels at a 
flood-measuring station in 
Kelantan exceeded the 1967 total 
by about 3.00 m
n/a Dfo (2017)
27.11.1990 tanah Merah: 16.82 m
Kota Bahru: 5.41 m
4581 victims evacuated ibbitt et al. (2002)
1991 rantau panjang: 10.12 m agricultural land inundated ibbitt et al. (2002)
13.11.1992 tangga Krai: 25.45 m 743 victims evacuated ibbitt et al. (2002)
23.12.1993 Kota Bahru: 5.49 m 13,587 victims evacuated ibbitt et al. (2002)
24.11.1994 Kuala Krai: 24.37 m
Kota Bahru: 5.15 m
1184 victims evacuated ibbitt et al. (2002)
12.2001 Kelantan State >10,000 victims evacuated chan (2012)
2007 Kelantan State uSD 17.28 million damage to 
infrastructures
chan (2012)
03.01.2015 Kelantan State 202,000 victims were 
displaced
Baharuddin et al. (2015)
31.12.2016 Golok: 3.42 m
tanah Merah: 16.43 m
12,615 victims were displaced flood list (2017)
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Geodetic measurements and time series analysis
Eleven GPS Continuously Operating Reference Station (CORS) from the MyRTKnet spanning 
17 years (1999.0 to 2016.0), operated by the Department of Surveying and Mapping Malaysia 
(DSMM), were selected for the strain rate analysis. Most of the GPS CORS in the study area 
started operation between 2004 and mid-2007, and only two stations were operating in the 
late 1990s. These stations were chosen based on data availability and geographic location 
(Table 2). The data were processed using Bernese V5.2 software (Dach et al. 2015) in the 
ITRF2008/IGb08 reference frame using the processing strategies discussed in Yong et al. 
(2017). This paper extended the daily position time-series used in Yong et al. (2017) by an 
additional year to the end of 2015. The ranges of weighted root-mean-squares (WRMS) of 
the GPS daily solutions are 1.6–2.5 mm, 1.9–3.4 mm and 6.0–7.9 mm for the north, east and 
up components respectively. Each site velocity is extracted based on the linear regression 
of the position time series, which signifies the steady-state motion.
The major challenge of the position time series is to separate the biases from the subsiding 
signal. There are three major sources of bias contained in the time-series, (1) hardware-related 
factors, (2) tectonic-related events and (3) seasonal variations. In this study, we have identified 
the discontinuity in time-series offset that caused problems in estimating the linear trend 
of the land subsidence rates. The discontinuous linear offset is modelled as a Heaviside step 
function (Denys et al. 2016),
in which Di(, , t) is the offset applied at time t is zero if t < te where t is the time of meas-
urement and te is the time of the discontinuous offset. The di(, ) is the discontinuity offset 
for event te with latitude (ϕ) and longitude () and Di(, , t) is the offset applied at time t. 
The dimension i represents the position components in east, north and up. The hardware 
or firmware replacement (Tregoning et al. 2013) and coseismic offsets are the primary sources 
of discontinuities in the position time-series. Six out of the eleven selected stations (AYER, 
GETI, GMUS, GRIK, KRAI and MUKH) have been detected by instrument-related offsets.
(1)
Di(𝜙, 𝜆, t) = 0










(decimal year)Latitude (N) Longitude (E)
GriK perak 5°26′20″ 101°07′49″ 149.2 2004.9 – 2016.0
laSa perak 4°55′26″ 101°04′05″ 61.4 2007.5 – 2016.0
aYer Kelantan 5°45′01″ 101°51′37″ 67.3 2007.5 – 2016.0
Geti Kelantan 6°13′34″ 102°06′20″ −0.5 1999.0 – 2016.0
GMuS Kelantan 4°51′47″ 101°57′50″ 126.0 2004.9 – 2016.0
Krai Kelantan 5°30′07″ 102°13′11″ 31.7 2007.5 – 2016.0
paSp Kelantan 5°50′17″ 102°21′28″ 19.2 2007.5 – 2016.0
MuKH terengganu 4°37′03″ 103°12′34″ 54.5 2007.6 – 2016.0
Kual terengganu 5°19′08″ 103°08′21″ 55.0 1999.0 – 2016.0
Seti terengganu 5°31′57″ 102°43′57″ 43.7 2007.5 – 2016.0
teri terengganu 5°08′49″ 102°57′54″ 32.1 2007.5 – 2016.0
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The series of great earthquakes in 2004, 2005, 2007, 2010 and 2012 located in the Sunda 
Arc have created a complex and non-linear pattern of deformation over a broad swath of 
the western margin of the Sundaland plate (Feng et al. 2015, Yong et al. 2017). We start by 
removing the coseismic offset(s) from the time-series by using the same procedures as the 
equipment replacement offset, followed by the postseismic decay. We found that the loga-
rithmic function is a better fit than the exponential and power law functions. The postseismic 
decay is modelled as,
where Pi(, , t) is the cumulative postseismic displacement from earthquake origin date te 
to measurement date t. The postseismic amplitude ai(, ) in dimension i (east, north and 
up components), latitude ϕ, longitude , and τlog is logarithmic decay period associated with 
the earthquake. The estimated time-series contain a significant level of common-mode bias 
that is reduced by regional network filtering (Wdowinski et al. 1997). It is performed in com-
bination with subtracting seasonal variation of the Earth at semi-annual and annual cycles 
with an average horizontal amplitude of 0.40 mm and 1.55 mm and average vertical ampli-
tude of 1.06 mm and 5.56 mm, respectively. The final vertical rates of the filtered time-series 
are illustrated in Figure 3.
Methodology
Strain rate estimates are a useful indicator of the accumulated deformation in a region. Strain 
rate analysis is often used to investigate the deformation of plate boundaries or active fault 
regions (Simons et al. 2007, Denys et al. 2016). For this study, strain rate is a good indication 
of the area experiencing land subsidence. We used the bicubic spline interpolation technique 
(2)
Pi(𝜙, 𝜆, t) = 0








































2.13 ± 0.15 mm/yr
0.26 ± 0.15 mm/yr
−0.38 ± 0.17 mm/yr
−0.61 ± 0.17 mm/yr
−0.90 ± 0.17 mm/yr
−0.92 ± 0.17 mm/yr
−1.15 ± 0.17 mm/yr
−3.25 ± 0.17 mm/yr
−4.22 ± 0.17 mm/yr
−2.23 ± 0.12 mm/yr
1.07 ± 0.12 mm/yr
Figure 3. time series of vertical component, sorted from uplifting (top) to subsidence (bottom).
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proposed by Hackl et al. (2009) to estimate the maximum shear strain rate and dilatation 
strain rate caused by deformation in Kelantan.
The east and north velocity components are initially interpolated to create two grids of 
scalar velocity fields using the spline interpolation function. As pointed out in Hackl et al. 
(2009), these two grids have low correlation due to the independent sets of velocity fields. 
The grids are later combined, and the derivatives of north and east components estimated 
to produce the two cross-term components. Subsequently, all four velocity fields are linearly 
combined to form a continuous representation of the strain rate tensor (?̇?ee, ?̇?nn, ?̇?en and 
?̇?ne). As deformation normally includes both strain and rigid body rotation, the tensor is 
derived based on the rate of change of displacement (velocity, v) over a distance or the 
velocity gradient (∇v). The velocity gradient is decomposed into a symmetrical strain rate 
tensor (E) and an anti-symmetrical rigid rotation rate tensor (W).
Localised subsidence caused by groundwater withdrawal has the potential to perturb 
the horizontal velocity field and thus create some level of shear strain on the ground surface. 
To investigate land subsidence resulting from groundwater withdrawal, we estimate the 
maximum shear strain rate at each grid point (Hackl et al. 2009), defined as:
where conventionally ė1 indicates the maximal extensional strain rate and ė2 is the minimal 
contractional strain rate. The shear strain orientation, θ, is maximal when the principal angle 
(direction of ė1) is 45°, relative to the principal axes of strain rate tensor, corresponding to 
the largest principal strain rate. The trace of the tensor or dilatation strain rate corresponding 
to the extension and contraction of the surface area is given by:
These methods are applicable in analysing the groundwater-induced land subsidence vec-
tors by obtaining the associated ground surface strain rate. They provide more insights into 
the process of land subsidence and its aftereffects on the land surface corresponding to the 
horizontal motions.
Results and discussion
The GPS CORS measurements have shown ground subsidence throughout much of the 
eastern side of the Kelantan River, from the catchment towards the river deltas. The average 
subsidence rate between year 1999.0 to 2016.0 is 1.71 mm/yr (range: 0.38–4.22 mm/yr) 
(Figure 3). The measurements show a clear trend in the subsidence rate based on the distance 
from the Kelantan River, and from inland towards the coastal region. The rate of subsidence 
decreases from a maximum, in Kuala Krai (KRAI), along with the axis of the river approaching 
zero away from the river towards the coastal area at Geting (GETI) and Pasir Puteh (PASP) 
(Figure 4). The sandy soil with thick unconsolidated sediment presence in GETI and PASP 
optimises the rate of groundwater recharge, in which the rainfall percolation can directly 
recharge the groundwater table of the production wells. The silty clay layer below the upper 
sediment is characteristically low in permeability with a high capacity in holding water 
(Saghravani et al. 2015). Despite the fact that there are more production wells in the coastal 





(4)tr(E) = ?̇?ee + ?̇?nn = ė1 + ė2.
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lower. These two geological factors suggest a possible hypothesis that the constant ground-
water table recharge could stabilise the groundwater table in the Kelantan river mouth, and 
yet lower the rate of subsidence. A simple linear regression between the subsidence rates 
in GETI and the total groundwater production shows a strong correlation coefficient of 0.94; 
however, the main drawback of this analysis is that the lack of groundwater table monitoring 
information at every production well is less likely to provide a realistic physical connection 
for the vertical subsidence and well distribution.
Using Persistent Scatterer InSAR (PSInSAR) from 17 European Remote Sensing-2 (ERS-2) 
descending track scenes in 1996 to 2011, Din et al. (2015) identified that the subsidence 
rates are in the range 1.78–2.39 mm/yr at the Kelantan river mouth. Their measurement 
results are consistent with the estimated subsidence of 2.23 ± 0.12 mm/yr at GETI, the only 
station in this study that is located at the river mouth. Simons et al. (2007) and Mustafar 
et al. (2017) noted that GETI station had a faster steady-state velocity and suggested it was 
due to interseismic loading at the subduction interface. However, our estimate shows a more 
localised issue (land subsidence) is also involved, particularly in northern Kelantan.
The maximum shear strain rate is relatively low throughout Peninsular Malaysia (Yong 
et al. 2016). It is generally below 0.02 ppm/yr, which indicates that Peninsular Malaysia is 
essentially rigid with minimal geodetic deformation. In the Kelantan region, the map of shear 
strain rates shown in Figure 5a shows an anomaly in the vicinity of Kuala Krai and Geting 
where the level of shear strain rate is 0.22 ppm/yr. As shown in Figure 5b, this is also an area 
undergoing rapid land subsidence. Karim et al. (2014) pointed out that the aquifer system 
in Kelantan is deep alluvial with a deeper flow line on a regional scale. Therefore, groundwater 
extraction in Kelantan State will reduce the groundwater level and create subsidence pat-
terns associated with a high level of strain on the ground at regional scales (Figure 5) when 
the production rate exceeds the groundwater recharge rate. The flood areas shown in the 
susceptibility map (Pradhan 2009; Figure 5) coincide spatially with the contraction strain 
motion for the period of 1999.0 to 2016.0.
The dilatation strain rate shows the relative rate change on the land surface, in which 
positive values represent the extension and negative values represent the contraction 
(Figure 5). Contraction appears to be significant along the eastern side of Kelantan River, 
Figure 4. Subsidence rate as a function of distance from the Kelantan river.
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which coincides with most of the distribution of production wells (Tan and Singh 1989, 
KeTTHA 2010) (Figure 2). The pattern of compression mainly focused at Kuala Krai (KRAI) 
may be influenced by neighbouring regions that undergo extension. The sites GETI, KRAI, 
PASP and SETI have a faster motion towards to the centre of subsidence than the outer sites 
(AYER, GMUS, KUAL and TERI). Thus, the combined effect of rapid subsidence between Kuala 
Krai and Getting would be to form a bowl-like pattern with contraction in the centre and 
extension around the rim. It is reasonable to hypothesise that the extension pattern appears 
to the westward of Kelantan River and eastward of Setiu (SETI), mainly influenced by the 
subsiding region.
Concluding remarks
This study measured the vertical components of velocity across the state of Kelantan with 
precisions of 0.12–0.17 mm/yr (1σ uncertainties) using up to 17 years of continuous GPS 
data. The vertical measurements suggest that land subsidence is occurring along a broad 
north-south trending zone following the Kelantan River and is related to the groundwater 
extraction. This kind of deformation is common in this type of aquifer system when the 
amount of groundwater extraction exceeds the rate of groundwater recharge. The highest 
rates, ~3–4 mm/yr at the KRAI and GETI sites, occur either side of the Kelantan River at dis-
tances ranging from 3 to 14 km from the river.
Figure 5. (a) the shear strain rate of peninsular Malaysia. (B) the inset shows the dilatation strain rate 
in the Kelantan State based on selected GpS corS. the colour bar of the dilatation rate field indicates 
contraction in blue (negative) and extension in red (positive); the grey region represents the areas where 
there are too few data to reliably estimate strain rates. Magenta strain rate tensors indicate the scale of 
strain rate in a regular grid with a cell size of 0.04˚ (~ 4.5 km). the black arrows designate the GpS vertical 
measurements. red circles denote GpS corS stations used in dilatation strain rate estimation.
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The dilatation strain rate analysis shows a clear contractional signal along the Kelantan 
River in SW-NE trending that is associated with the groundwater extraction-induced land 
subsidence. The GPS vertical rates agree well with the strain analysis, where the subsiding 
region is undergoing contraction surrounded by a zone of extension. The GPS-based sub-
sidence patterns also concur with the distribution of production wells. The growing demand 
for groundwater extraction in Kelantan State may not only increase the rate of ground sub-
sidence (Phien-wej et al. 2006), but it could also change the subsiding zones into a broader 
area and causing an increase in the flooding hazard.
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3   GPS NETWORK
This study includes a number of regional
permanent GPS sites, starting with 17 sites in
1999 and increasing to 116 sites in 2014. These
sites are (Figure 3):-
• 39 Indonesia sites (A1, A2 and A3),
• 96 Malaysia sites (B1 and B2), and
• 1 Philippines site (C1).
The regional networks are connected to the
International Terrestrial Reference Frame (ITRF)
2008, by selecting a total of 44 globally
distributed International GNSS Service (IGS) sites
(Figure 4).
16 Years of Deformation Process in Sunda Megathrust
1   INTRODUCTION
We present a comprehensive analysis of the
Sunda megathrust (Figure 1) deformation
using continuous GPS from 1999 - 2014. The
complex deformation pattern has been
caused by a number of major earthquakes,
including the 𝑀𝑤9.1 2004 Aceh, 𝑀𝑤8.6 2005
Nias, 𝑀𝑤8.5 2007 Bengkulu, 𝑀𝑤8.6 and 8.2
2012 northern Sumatra, and also several
significant earthquakes events during 2010,
are discussed.
2   TECTONIC SETTING
The conjunction between the Sundaland (SU) plate and
Indian-Australian plate (Figure 2), in particular, is a well-
known megathrust setting which occasionally generates
great earthquakes. The Indian-Australian oceanic plate
subduct beneath the SU continental plate at a relative
motion of 47 mm/yr N0° at the junction point of Indian,
Australian and Sundaland plate (90°E, 9°N). The relative
motion increases when moving southward with up to 55
mm/yr N10° at the equator near Nias Island and 63 mm/yr
N14° south of the Sunda Strait (Socquet et al., 2006; Simons
et al., 2007).
6   POST-SEISMIC DECAY AMPLITUDE
• The spatio–temporal distribution of decay vectors recorded by GPS sites indicate
a local anomaly motion within the Sundaland plate caused by the past great
earthquakes.
• The decay amplitudes from previous great earthquakes suggest that the central–
southern Peninsular Malaysia and central Sumatra are a single region (Figure 7).
• This region is likely to be experiencing local deformation where a distinctive
decay amplitude vector was identified when compared to the northern
Peninsular Malaysia, and northern and southern Sumatra.
• Numerous great ruptures of the Sunda megathrust have caused significant co-
seismic offsets, as well as viscoelastic relaxation for multiple events that overlap
in time on the western Sundaland plate, which can be formulated as following:-
𝑋 = 𝑋𝑡0+ 𝑖=1
𝑚 𝐶𝑖 + 𝑖=1
𝑛 𝑃𝑖
𝑤ℎ𝑒𝑟𝑒, 𝑋 = position; 𝑡0 = 𝑡𝑖𝑚𝑒 𝑜𝑟𝑖𝑔𝑖𝑛; 𝐶 = Co-seismic offset; P  = Post-seismic decay; 
m  = number of offset terms; n  = number of decay terms
Figure 1: Location map showing Sunda
megathrust and great earthquakes (≥𝑀𝑤7.5)
since 1999.
Figure 2: Tectonic plate setting of the Sunda megathrust shows the motion
of Indian-Australian plate dipping underneath Sundaland plate. The yellow
transparent block illustrates the sliver plate between the Sunda trench with
the Sumatran fault (McCaffrey, 2009; Genrich et al., 2000).
Figure 3: GPS networks in Southeast Asia used in this study. Six boxes are
designated accordingly to network in different regions: Indonesia – SuGAR network
(A1: Andaman Island, A2: Sumatra and Mentawai Island and A3: Java Island);
Malaysia – MyRTKnet and MASS networks (B1: Peninsular Malaysia and B2: Sabah
and Sarawak); and the Philippines – pageNET (C1). The notation of all location
maps is refers to Figure 1.
Figure 4: Distribution
of IGS sites used in this
study.
Figure 6: Co-seismic offset of two types of fault mechanism along the Sunda megathrust: (a)
thrust fault during 2004 𝑀𝑤 9.1 Aceh earthquake, and (b) left-lateral strike-slip fault during






4   POSITION TIME-SERIES ANALYSIS
• The impact of co- and post-seismic deformation are different in space and
time. These transient events will cause different level of dislocation
depending on the earthquake intensity, faulting mechanism and earthquake
origin.
• It is conceivable that the plate boundary region, particularly in Mentawai and
west-coast of Sumatra, undergoes irregular velocity vector and highly viscous
(Figure 5a and 5b). Yet this study shows that the extent of the deformation
area can be more than 1000 km away from the trench (Figure 5c).
• Continuous measurements over a long period of time are essential to model
the rate and amplitude of post-seismic decay caused by a series of great
earthquakes, site dependently.
Figure 5: East and north components of the de-trended time-series of (a) BSAT, (b) UMLH, and (c) USMP
site. The displacement showing co-seismic offset and post-seismic decay amplitude for 𝑀𝑤 9.1 2004 Aceh,
𝑀𝑤 8.5 2007 Nias, 𝑀𝑤 7.8 2010 Mentawai, and 𝑀𝑤 8.6 and 8.2 2012 north Sumatra earthquakes. The
location of BSAT and UMLH sites in Figure 3-A2 and USMP site in Figure 3-B1, are denoted as solid green
triangle.
5   CO-SEISMIC OFFSET
• The Sunda megathrust is a convergent boundary which mostly generates reverse
(thrust) fault mechanism (𝑀𝑤 9.1 2004 Aceh, 𝑀𝑤 8.6 2005 Nias, 𝑀𝑤 8.5 2007
Bengkulu etc.) (Figure 6a).
• Contrary to the majority of the past events, the 2012 𝑀𝑤 8.6 and 8.2 north
Sumatra earthquakes, which were triggered at the conjunction zone between SU,
India and Australia plates are left-lateral strike-slip fault mechanism (Figure 6b).
• The GPS-derived co-seismic offsets shows the different vector pattern during
thrust faults (a) and strike-slip faults (b) mechanisms.
7   CONCLUSION REMARKS
• Previous studies of the Sunda megathrust did not depict an overall post-seismic
deformation in spatial terms (Feng et al., 2015; Simons et al., 2007).
• This study shows that the extent of the deformation zone has been
underestimated.
• The 2004 𝑀𝑤 9.1 and 2005 𝑀𝑤 8.6 earthquakes slightly diverted the course of
motion of Peninsular Malaysia from SE to SSE.
• The 2012 𝑀𝑤 8.6 and 8.2 earthquakes is more likely re-orientated the vector of
Peninsular Malaysia back to the state before 2004-05 earthquake.
• The regional variation of post-seismic deformation in Peninsular Malaysia and
Sumatra suggests that the region is subjected to intraplate and internal
deformation, however this result needs further investigation and verification.
Figure 7: The GPS measurements showed a distinctive decay
amplitude vector in the central–southern Peninsular
Malaysia and central Sumatra, based on (a) 𝑀𝑤 8.6 2005
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An insight into present–day deformation of the Sundaland plate from GPS CORS measurements (G51A-1069)
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1 INTRODUCTION
Over the past decade, the Sunda megathrust and
neighbouring regions have shown a high potential for
generating great earthquakes (Figure 1). Three thrust-fault
namely, 2004 Mw9.1 Aceh (AC), 2005 Mw8.6 Nias (NI) and
2007 Mw8.5 Bengkulu (BK) and two strike-slip events 2012
Mw8.6 and 8.2 northern Sumatra (NS), earthquakes of
≥Mw8.0 have created widespread deformation of the
Sundaland plate.
Figure 1: Location map showing Sundaland plate, major earthquakes (black moment tensor, ≥ Mw 5.0) and great
earthquakes (red moment tensor, ≥ Mw 8.0) between year 1999-2014.
2 COSEISMIC & POSTSEISMIC DEFORMATION
The observed geodetic strain rate, induced by the series of great earthquakes, is associated with the postseismic
viscoelastic rebound and afterslip on the western margin of Sundaland plate (Paul et al., 2012). This study is based on
sixteen years (1999-2014) of GPS Continuously Operating Reference Station (CORS) data from over 100 sites that
span the Sundaland plate. The Malaysian Real-Time Kinematic GNSS network (MyRTKnet), which is under
presented in science, gives a better spatiotemporal resolution to major earthquake events. Figure 2 shows the
coseismic and postseismic offsets of the series of great earthquakes picked by GPS CORS.
Figure 2: The coseismic (top) and postseismic (bottom) deformation of 2004 Mw9.1 Aceh, 2005 Mw8.6 Nias, 2007 Mw8.5 Bengkulu, and 2012
Mw8.6 & Mw8.2 northern Sumatra earthquakes (from left to right). The red-star and moment tensor indicate the earthquake epicenter
documented in the GCMT catalogue.
4 GEODETIC STRAIN RATE ANALYSIS
The strain rates associated with transient postseismic relaxation of the series of earthquakes vary both spatially and temporally. The bicubic spine interpolation technique proposed by Hackl et al. (2009) is used to
investigate different aspects of deformation, the maximum shear strain rate and dilatation strain rate. Three interseismic velocities in different periods, 1999.0 – 2004.9 (before AC-NI earthquakes), 2005.2 – 2012.2
(between NI-NS earthquake) and 2012.2 – 2014.9 (after NS earthquake), are estimated. Based on these interseismic velocities, the temporal strain rates of Sumatra, east and west Malaysia are computed (Figure 5).
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Figure 5: The maximum shear strain rate of Sumatra (left top), east (left bottom) and west (right) Malaysia based on the secular velocity between year 1999.0 – 2004.9 (west Malaysia is excluded), 2005.2 – 2012.2 and 2012.2 – 2014.9. The colour bar
represents the shear strain rate between 0.0 – 2.0ppm/yr.
3 RESEARCH MOTIVATION
The magnitude of the postseismic transient effects decreases as a
function of hypocenter and distance getting away from the
Sunda trench. Higher transient effect develops in the north than
in the south of Peninsular Malaysia, thus causing the GPS
velocity field to change in time. The average GPS CORS
velocity of Peninsular Malaysia in ITRF2008 before the AC-NI
earthquakes, between NI-NS earthquakes and post-NS
earthquake, are 31.2±2.0 mm/yr S81°E, 20.8±5.6 mm/yr S61°E,
and 25.0±2.3 mm/yr S76°E (1σ uncertainties) (Figure 3) (Yong
et al. 2016), respectively. Our analysis shows that the crustal
velocities have changed in Peninsular Malaysia due to
postseismic deformation (Figure 4). Figure 3: The secular velocities of GPS CORS in Peninsular Malaysia in 1999-2004, 2005-2012
and 2012-2014. Significant postseismic decay after 2004/05 EQ and the postseismic was partially
counteracts by the 2012 EQs. The green colour box shows the location of USMP in Figure 4.
Figure 4: The horizontal plot of USMP site positions (left) and the
criteria of velocity determination for this study (right).
A significant change of shear strain rate (from 0.35 to 0.02 ppm/yr) after the 2012 northern Sumatra earthquake, particularly in the Nias region, suggests
that this segment is now freely creeping (red arrows). An increase of shear strain rate (from 0.10 to 0.35 ppm/yr) in Nicobar-Simeulue region indicates that
this segment may be locked (blue arrows). The ruptured segment caused a sudden change in strain accumulation that goes into the interseismic cycle,
implying that seismic segmentation is vary by the plate interface properties that remain more than one earthquake cycle (Prawirodirdjo et al., 1997).
However, additional information and models are required to fully quantify the amount of elastic energy stored in these regions. The red stars indicate the
epicentre of 2012 northern Sumatra earthquakes.
SUMATRA
Rupture zone: 2004 Mw 9.1 2005 Mw 8.6 2007 Mw 8.5 2007 Mw 7.9 2007 Mw 7.0 2010 Mw 7.8
1999.0 – 2004.9 2005.2 – 2012.2 2012.2 – 2014.9
WEST MALAYSIA
West Malaysia is experiencing a low level of shear strain rate (≤0.02 ppm/yr) before the 2004
Aceh earthquake. The shear strain rate broadly increases after 2004, which is largely
dominated by the postseismic deformation of 2004 Aceh and 2005 Nias earthquakes. Kuala
Krai and Tanah Merah (red arrow) are likely to be due to land subsidence caused by
underground water extraction. The subsidence signal is also shown in the dilation strain rate
analysis (inset), which the blue (negative) and red (positive) colours indicates compressional
and extension strain rate, respectively. The GPS vertical measurement (black arrow) shows
that the KRAI site is experiencing the highest subsidence magnitude at -8.17±2.13 mm/yr





In general, East Malaysia represents the stable part of the Sundaland plate as it has a low level of deformation and shear strain rate (≤0.02 ppm/yr). The Sri
Aman and Sarikei are amongst the highest shear strain rates at a rate of 0.10ppm/yr (red arrows). These regions may be subject to localised non-tectonic
activity such as peat soil settlement.
EAST MALAYSIA
2005.2 – 2012.2 2012.2 – 2014.91999.0 – 2004.9
5 SUMMARY
The interseismic shear strain rates of the Sundaland plate is useful for indicating the creeping and locked segments of the Sunda forearc, from the
Simeulue to Enggano Island, thus improving our understanding of tectonics deformation in Sundaland megathrust.
Sumatra is the frontier between the Sundaland plate and Indo-Australian plate that provides sui generis setting for studies of subduction processes.
The change of shear strain rate in this region provides an important indication in the seismic hazard assessment. There is a high likelihood of having
another Mw > 8.0 earthquake and monitoring should continue (McCaffrey, 2009).
The geodetic measurement between the 1999-2014 shows a low level of strain rate in both east and west Malaysia. However, the postseismic
deformation after the 2004 and 2005 earthquakes are significantly changed the shear strain rates of the western margin of Sundaland plate, including
the Sumatra and west Malaysia. Extra attention should also be paid to the several regions (Sri Aman, Sarikei, Kuala Krai, and Tanah Merah) with
potential localise non-tectonic deformation such as peat soil settlement and underground water extraction-induced land subsidence.
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Methodology
• The GPS data was processed using the Bernese Software 
(BSW) Vers. 5.2 [3], and the long-term velocity fields are 
derived from GPS daily time-series [5] (Figure 2). 
• This study implemented the elastic half-space 
dislocation algorithm by Okada [10] realised in the 
inversion program TDEFNODE [8] to determine the slip 
rate deficit. 
• A modified slab model, a three-dimensional subduction 
structural geometry from [6], was used to perform both 
forward modelling and inversions. The model space 
ranges along-strike from 94˚E to 104˚E and from the 
surface to 80 km depth. Fault patches are interpolated 
at a size of 20 km along strike and 10 km downdip. 
• The structure of the subduction zone was represented 
as four elastic blocks (Sundaland, Sunda forearc, Burma 
and Indian-Australian plates) (Figure 1, top). 
• Each block is specified by a pole of rotation [4, 13] to 
represent its rigid-body motion, and 3D fault 
information that separates the blocks are defined by a 
series of nodes. 
Conclusions
• Nearly 25 years of GPS data from the Sumatra 
subduction zone that spanned over multiple 
earthquakes events have been examined. 
• The present-day interseismic velocity (2012.2 –
2015.9) suggests that both segments ruptured during 
the 2005 and 2007 earthquakes are now partially 
coupled to freely slipping. However, the best fitting 
model shows that the Siberut segment of the 
megathrust (0.5–2.0°S) remains fully coupled 
throughout three interseismic periods. 
• The results of this study confirms that the present-day 
understanding of the interseismic coupling of the 
subduction zone where it varies with time.
orcid.org/0000-0001-7918-2078
• Model D (2012 – 2015, Fig. 3D) indicates that the Siberut
and Pagai segments are still fully locked from the surface 
gradually decrease to partially locked at 80 km depth 
(𝜒𝑣
2 = 2.05). This study suggests little or no coupling in 
Batu Island, which is in agreement with other studies [9, 
11] that this patch is a natural barrier to seismic rupture. 
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Figure 3. The interseismic coupling models on the Sunda forearc, where
phi Φ indicates freely slipping at 0 and fully locked at 1. The rotation pole
for the Sundaland block was based on [13]. The red vectors are the
residuals for the modelled – observed. The black lines indicate slab
contours with 20 km contour with 0 km at the surface, and black dots
indicate the slab nodes.
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Figure 2. The interseismic (long-term) GPS velocities shown relative to
Sundaland plate with 1-sigma error ellipses: (A) 1994.0 – 2001.0, (B)
2001.0 – 2007.0, (C) 2007.0 – 2012.2, and (D) 2012.2 – 2015.9. The first
two sets of velocities consist of combination of continuous (cGPS) and
survey mode GPS (sGPS) measurements, where the later two contain
solely the cGPS measurements.
A B
C D
Model T NGPS fGPS Ndata NP DOF 𝝌𝒗
𝟐 Descriptions
A 1991-2001 34 2.0 68 11 57 1.11 Uniform locking
B 2001-2007 27 4.0 50 29 21 2.38 Variable locking
C 2007-2012 122 4.0 168 29 139 3.42 Variable locking
D 2012-2015 123 2.0 164 29 135 2.05 Variable locking
Table 1. The results of inversion for locking and rotation models
Note: T = period of measurement. NGPS = number of GPS observations (N and E velocities are treated as separate
observations). fGPS = factor multiplied by formal standard deviation for weighting. Ndata = total number of observations. NP =
number of free parameters. DOF = degree of freedom (Ndata − NP). 𝜒𝑣
2 is the reduced chi-square (𝜒2/DOF). All models have
include the block rotation with constraints.
Analysis and Discussion
The interseismic coupling coefficient evolves over time. 
The best inversion models for spatially variable plate 
locking with observed-modelled misfit are listed in Table 
1. 
• Most of the subduction interface is locked in Model A 
(1991 – 2001, Fig. 3A) with uniform plate locking (𝜒𝑣
2 =
1.11).
• Model B (2001 – 2007, Fig. 3B) suggests that there is 
partially or no coupling on the subduction interface at 
the Batu and Enggano Islands (𝜒𝑣
2 = 2.38). This model is 
in good agreement with both the [1] and [11] studies. 
The coupling coefficient in the Sunda subduction zone 
appears to be segmented, in which the degree of 
coupling is vary with time when retained the spatial 
segmentation of subduction zone [11]. 
• Model C (2007 – 2012, Fig. 3C) shows in this case that 
there is a drop of coupling rate in Pagai Island segment 
(𝜒𝑣
2 = 3.42), which coincide with the rupture segment in 






• Determining the slip deficit (locking rate) is of 
great interest to geoscientists as one of the 
indicators in understanding the strain 
accumulation at the subduction boundary. 
• The high degree of segmentation in Sunda 
forearc and the adjacent Indian-Australian plate 
were involved in a series of major ruptures (> 
M8.0) in the past decade: 2004 Mw 9.0 Aceh, 
2005 Mw 8.6 Nias, 2007 Mw 8.5 Bengkulu, 2012 
Mw 8.6 and 8.2 Wharton Basin earthquakes 
(Figure 1). 
• The present-day plate locking coefficient on the 
Sumatran subduction zone following the great 
earthquakes are examined.
• Published observations from 1994 – 2007 [11] 
are combined with the new observations from 
2007.0 – 2015.9 [13], which allows an 
opportunity to understand the process that has 
occurred through multiple earthquake events 
(Figure 2).  
• For the first time, far-field GPS sites (more than 
500 km) are incorporated with near-field data 
to examine the elastic strain from stress build 
up on the thrust-type subduction zone.
Objectives
• To obtain the interseismic coupling of Sunda 
trench that persist through multiple earthquake 
events. 
• To quantify the present-day locking distribution 
on Sumatra subduction zone. 
• To discuss the implications of the tectonic nature 
from the ruptures processes. 
Figure 1. Topographic map of Sumatra and the surrounding
archipelago (top). The colour patches represent the rupture
zones of historical and recent major earthquakes. WAF = West
Andaman fault, BF = Batee fault, SFS = Sumatra fault system and
MFS = Mentawai fault system from [2] and [7]. SUT = Sunda
trench, IN-AU = Indian-Australian plate, BU = Burma block, SU =
Sundaland plate. Figure 1 (bottom) is a SW-NE schematic cross-
section (A-A’) modified from [12].
A A’
